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. ABSTRACT 
In recent years, several models have been developed that have been used to predict the partitioning of 
a solute (metal or organic ligand) between water and a geological solid. These predictions are 
necessary for calculations of risk assessment associated with a deep underground nuclear waste 
repository. 
This thesis includes a review of international literature related to the reactions of metallic 
, 
radionuclides with complexing organic ligands that may be present in and around a repository and the 
effect of these complexants on the sorption of radionuclides onto solids. The complexants include 
decontamination agents (EDT A, NT A and picolinic acid), degradation products of cellulose (ISA and 
gluconic acid), and humic and fulvic acids (HA and FA respectively) that may be present in the 
natural ·environment. 
The experimental work presented in this thesis uses a batch method to produce a comprehensive 
dataset of distribution ratios for the sorption of trace radioactive metals (Eu3+, Ni2+, Cd2+, Fe2+, and 
Cs 1 in the presence, and absence, of organic complexants onto solid mineral phases (montmorillonite, 
kaolinite and goethite). 
Emphasis is placed on understanding combinations of binary (metal and solid) and ternary (metal, 
organic complexant and solid) interactions of these components under near neutral conditions to 
simulate the far field environment of a nuclear waste repository. The sorption studied is mostly as a 
function of complexing organic concentration. 
To provide a quantitative description of the sorption reactions, the experiments were interpreted by 
the use of simple sorption isotherms and by applying modelling techniques. 
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Ternary systems, containing humic acid, are modelled using the Linear Additive Model (LAM) which 
uses a component additive approach using measured binary system data. Results from the model are 
compared to experimentally measured sorption results from ternary systems. Some assumptions used 
in the LAM are also reviewed and tested. The LAM is also tested by comparing the calculated results 
with those obtained from measurements made using solid phase systems containing multi-component 
solid materials. Multi component organic systems are also investigated. The results from the LAM are 
compared with calculated results obtained from a newly developed model named QUAD. 
The results of this work are brought together with the aim of understanding the feasibility of the "KJ' 
approach for performance assessment, especially when including the effects of complexing organic 
substances 
The detailed analysis of humic metal mineral ternary sorption data combined with the results of the 
LAM and QUAD modelling provide evidence for either a surface charge alteration or a change in 
affinity of metal towards the mineral surface in the presence of HA. Correlation of the HA sorption 
and metal sorption in ternary systems, demonstrate increased metal sorption due to the presence of 
HA particularly for high HA concentrations. The results suggest that the extent to which calculations 
using LAM or QUAD can successfully predict sorption data is strongly correlated with a large 
aqueous metal humic acid stability constant. Experimental results suggest that the presence of a metal 
in a ternary system may cause a reduction, or an increase, in HA sorption onto solid and thus both 
type A (mineral-metal-humic) and type B (mineral-humic-metal) ternary complexes are postulated. 
Extension of LAM and QUAD modelling to environmental soils demonstrates the fuilure of a 
component additive approach for predicting trace metal sorption onto a mixture of minerals based on 
only bulk mineralogy. Detailed analysis of the ternary data for soils support conclusions drawn from 
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similar studies usmg single minerals by illustrating that unless the metal distribution strongly 
correlates with the humic acid distribution, both the LAM and QUAD are likely to fail. 
The results of ternary systems containing anthropogenic Iigands suggest that these complexants 
should also be taken into account when considering transport and sorption processes in the far field. 
The results show that some of these Iigands sorb strongly to minerals which suggests that these 
Iigands must be considered when considering risk assessment. 
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INTRODUCTION 
Low and intermediate level radioactive waste, produced at nuclear power plants and through re-
processing of spent nuclear fuel may be disposed of through use of deep geological underground 
repositories. Prior to waste disposal, performance assessment of potential nuclear waste repositories 
requires that important physio-chemical phenomena governing the transport of dangerous toxic and 
radioactive contaminants contained in the waste be assessed. It is a social and ethical obligation that 
governments research the potential impact of such a nuclear waste disposal solution and the 
containment of its contaminant substances so that it does not harm people now or in the future. 
Radioactive waste that will be subject to deep geological disposal may be divided into two categories. 
The first is intermediate-level waste (ILW), derived from residual waste from reprocessing (chemical 
treatment of spent nuclear fuel to allow it to be recycled back into the nuclear process). [LW will also 
contain waste from operating and maintaining a nuclear plant. The second category is low-level waste 
(LLW) consisting of lightly contaminated scrap materials, including paper, clothing, laboratory 
equipment, and contaminated soil and building material [3]. 
Performance assessment of a potential underground geological waste disposal solution includes a 
multitude of scientific areas. The major areas are waste packaging materials and technologies, studies 
on the near field (engineered part) of the repository and the effects of the long term degradation of 
both these on the long term containment of nuclear waste and transport of contaminants from the near 
field to the far field (Geosphere surrounding the repository) and beyond to the Biosphere (human 
environment, for examp le water systems). 
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Far field Geosphere research programmes study the rock mass that would surround an underground 
repository. Research topics particularly consider processes that slow down the movement of 
contaminants in groundwater or gas through the geosphere. One area given much attention has been 
investigations of the transport of potential contaminants such as toxic and radioactive metals in 
groundwaters from the near field to the far field through use of complex transport equations. These 
involve knowledge about retardation and mobilisation of contaminant metals and the basic underlying 
processes and interactions of these metals with the groundwaters and their geological environment. 
In a typical geological fractured rock, such as the rock types being considered as potential repository 
sites, groundwaters flow predominantly through the interconnected fracture network, with some water 
taken into the neighbouring geological rock. This process, driven by capillary pressure gradient, 
advectively transports contaminants from fractures into the geological rock matrix. Diffusion, driven 
by concentration gradients between the groundwater in the fracture and that in the rock matrix, can 
diffusively transport radionuclides into the rock matrix (matrix diffusion), or from the rock matrix 
back into flowing fractures (back diffusion). Once in the rock matrix, sorbing contaminant metals 
contained in the water can sorb onto the matrix rock. 
Equation I summarises these three major processes and interactions that tend to retard breakthrough 
of a contaminant metal released to the water fracture network. A number of factors, such as the 
fracture flow rate (water velocity), initial rock matrix saturation, matrix rock pore connectivity 
(porosity), and intermittent flow events, will influence these interacting processes but overall these 
processes can be generalized in the form of a transport equation comprised of the three major 
interactions; diffusion, advection and sorption. Refer to Equation I. 
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Equation 1 Contaminant Transport Equation 
ac =D a'c -v ac 
at L ax' x ax 
Where oClot = change in concentration over time, mol S·I 
B ac' d () ·at 
DL = diffosion coefficient of longitudinal hydrodynamic dispersion, m2 sJ 
C = solute concentration of liquid phase, mol dm3 
vx = average linear groundwater velocity, m S·I 
t = time, s 
Bd = bulk density of aquifer, kg dm3 
() = porosity of saturated aquifer, % 
C* = amount of solute sorbed per unit weight of solid, mol kg·1 
x = distance at which to compute C, m 
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In the equation above, the retardation process known as sorption is the focal point and the basis ofthe 
research presented within this thesis. It is one of the key areas within perfonnance assessment where 
chemists can contribute to metal transport calculations. 
To detennine the sorption mechanisms of key contaminant metals, and quantify the sorption 
properties of individual minerals in the rock mass, measurement and prediction of the sorption 
coefficient parameter is commonplace within the scientific community. 
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Sorption coefficients are determined by measuring the partition of a contaminant between solid and 
aqueous phases, commonly presented in the form of conditional distribution ratios (Rt). Since 
sorption along with solubility effects are believed to dominate transport processes and that the 
aqueous phase is the most probable transport medium when considering physico-chemical processes, 
the ability to measure and predict Rt values is of great importance. 
The RI is defined as the amount of metal (solute) sorbed per mass of adsorbent, calculated from the 
difference in concentration before and after sorption using Equation 2 [4][5]: 
where x/m 
m 
Co 
Equation 2 
x Co -CV 
m m 
= amount of solute sorbed, mol kg-J 
= mass of adsorbent added to reaction container, kg 
= initial solute concentration (determined analytically) before exposure to adsorbent, 
mol dm-3 
C = solute concentration after exposure to adsorbent at equilibrium, mol dm-3, and 
V = volume of solute solution added to reaction container, dm3 
The measurement and prediction (or also referred to as modelling) of RI values is a large area of 
interest both in academic research and for waste management agencies. The process of measuring and 
/ 
predicting RI values is particularly difficult due to the complexity of the various rock matrices 
possible, different types of contaminant variations within waste mixtures and natural geosphere 
conditions such as pH, temperature, pressure, age and dispersion of rock fractures, water flow rates, 
geological media mineral composition and heterogeneity etc. 
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One area of much attention has been the effect of organic substances in IL WILL W or in degradation 
products emanating from the waste, and organic substances present in the natural environment of an 
underground repository on the sorption properties of other contaminants in the waste such as 
radioactive and toxic metals. The presence of organic complexants either in or in the surrounds of 
nuclear waste repositories is of major concern because of their potential to enhance mobilization of 
metal contaminants away from the disposal sites. The presence of dissolved organic and inorganic 
substances may affect the sorption behaviour of metal ions into rocks and minerals significantly. 
Sorption of these organic ligands can affect metal sorption by: 
i. Alteration of the mineral surface charge (electrostatic environment). For example the sorption 
of anions may result in changes in surface charge favourable for sorption of cationic metals. 
ii. Forming ternary surface complexes by ligand sorption at the surface site and aqueous 
complexation with metal ions. 
iii. Metal ligand complexation formation in the aqueous phase. 
iv. Competition of the ligand with metal for the mineral surface sites. 
v. Formation of surface precipitates at the water/mineral interface. 
vi. Dissolution of the mineral. 
Conditions that promote enhanced mobility of contaminant metals in a typical water fracture where 
reactive mineral surfaces are present vary but often include high concentrations of organic ligands, 
low concentrations of competing cations, organic ligands with slow biodegradation rates and 
kinetically inert and very strong ligand-metal stability constants. Under certain conditions metal 
sorption may be favoured over the formation of an aqueous metal complex, or if the complex has 
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fonned, it may co adsorb to the mineral phase rather than dissociate prior to adsorption. In general it 
is reported in the literature that complexing organic Iigands enhance the adsorption of metals at low 
pH and, because of the formation of aqueous metal ligand complexes, can reduce metal adsorption at 
higher pH [6). 
Organic substances generally present in ILW/LLW include degradation products of cellulose 
materials e.g. isosaccharinic acid (ISA) [7). The waste also contains complexing organics added 
directly from chemicals that are used in decontamination processes at the nuclear power plants, e.g. 
ethylenediaminetetraacetic acid (EDTA), nitrilotriacetic acid (NTA), and picolinic acid (PA) [8). 
These types of organic ligands can be collectively called anthropogenic Iigands as they are all derived 
from human activities, as opposed to effects or processes that occur in the natural environment 
without human influences. 
Complexing natural organic substances are also present in the environment of the Geosphere (and 
Biosphere). Commonly referred to as natural organic matter (NOM), NOM may be present in the 
geological rock fractures, mostly humic and fulvic substances that like the anthropogenic Iigands 
produced by the nuclear process are highly complexing with metals and thus can affect contaminant 
metal sorption [9)[ I 0). 
Fulvic and humic suhstances are fonned from the decomposition and condensation of plant, animal, 
and microbial materials to fonn high molecular mass organics. Due to the polydisperse nature of these 
materials, incorporation of such substances into speciation models present a major challenge when 
attempting to predict speciation of a radionuclide in an environmental pore water (i.e. when a 
. radionuclide is transported from the near field to the far field) surrounding an intermediate and low 
level nuclear waste repository. 
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The common feature of these organic complexants is in their chemical structure. They all have a 
carboxylic acid or carboxyl group within their structure. NT A and EDT A are aminopolycarboxylic 
acids. Humics and fulvics have, along with a multitude of hydroxyl groups, several carboxylic groups. 
ISA contains a single carboxylic group as does PA. These groups exhibit highly pronounced 
complexing properties, mainly due to their ability to form chelates and thus play a vital role in the 
analysis of the contaminant metal transport [11]. 
The literature reports that the presence of complexing organics such as those mentioned above may 
lead to sorption reductions of contaminant metals and that this should be considered when performing 
calculations of metal contaminant transport [12][13]. The adsorption behaviour of these organic 
ligands is such that they can interact with specific sites on mineral surfaces, and so long as one or 
more ligand donor groups remain free, the ligand can facilitate contaminant metal sorption by acting 
as a bridge between the mineral surface site and the metal ion, thereby retarding their migration 
[6][14]. These organic ligands can also reduce metal sorption onto mineral surfaces and enhance 
, 
metal mobility by forming stable water soluble complexes with multivalent metal ions [15]. 
Much research to date has focussed on understanding the interactions of organic ligands and how they 
affect metal sorption under near field repository conditions (high pH, low Eh, and cement solid 
phases). Few researchers have investigated the effect of anthropogenic organic ligands under far field 
conditions, which is important for understanding the transport of contaminant metals and 
radionuclides from the far field (geological host rock environment) to the Biosphere. In addition to 
this another impetus within this research area is the combined modelling and/or prediction of the 
effects of organic ligands on metal sorption. The measurement of sorption is a time consuming and 
costly experimental determination when considering the amount of different metal contaminants that 
need to be considered, the complexity of the solid mineral phases available in the various geological 
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rock fonnations and the complexities of the natural environments, (e.g. inorganic complexants, pH, I, 
temperature changes, gaseous phases etc). Overall the pennutations are enormous. Simp ly taking a 
two-phase, multi component system that includes a metal, a complexing agent, and a solid phase can 
be difficult to describe due to the multitude of possible species [16]. It is for these reasons that 
combined with determining the mechanistic and chemical influence of complexing organics on metal 
contaminant sorption, emphasis in the work reported here is placed on modelling contaminant metal 
sorption. 
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BACKGROUND 
In order to assess the safety of an intermediate to low level nuclear waste repository, it is essential to 
waste management agencies to be able to predict the eventual dispersion of its hazardous and toxic 
contaminants in the environment, both to the geosphere and biosphere. One of the areas that chemists 
can aid waste management agencies in calculating dispersion and/or transport of contaminant waste 
such as toxic or radioactive metals is by measuring sorption partition coefficients, commonly 
presented in the form of an RI value. 
Over the past 20 years there has been a large amount of work carried out by European waste 
management agencies to create a database of RI values for all combinations of possible metal 
interactions, solution, gas and solid phase, for use in future transport calculations. Because ofthe vast 
amount of experiments required to complete this task, not to mention time and money, there has also 
been considerable efforts made at predicting Ri values (commonly referred to as modelling) using 
data already available in the literature. 
In a combination of these two major areas of research the background to the work presented here is to 
provide a set of Ri values that can be included in the RI database. The aim is to include the 
interactions of complexing organic ligands that are of importance for waste management agencies and 
to attempt to predict these values using modelling techniques. This work is funded and partly directed 
by an EC Framework 6 Project called FUNMIG (Fundamental processes of radio nuclide migration). 
The second motivation for the work presented here is the completion of a thesis by Dr. Kim Baines, 
Loughborough University 2004 [17], which included some humic binary and ternary system 
investigations. These initial studies showed success using some of the modelling techniques presented 
in this thesis (QUAD) which encouraged a better understanding of this type of composite modelling 
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approach, especially considering there has been much inconsistency in the literature as to whether this 
type of modelling technique is a reliable way of predicting humic ternary interactions. 
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ORGANISATION OF THIS REPORT 
This report is divided into chapters describing topics relevant to the influence of complexing organic 
ligands on metal sorption onto mineral surfaces in the far field of an intermediate to low level waste 
nuclear waste repository. 
Chapter I discuses the detailed analyses performed on humic binary and ternary interactions with 
single model minerals in the absence and presence of a variety of trace metals. For all systems, 
sorption is described using simple sorption isotherms and by determining respective ~ values. The 
chapter then progresses to include a more complex methodology of modelling the sorption data using 
the Linear Additive Model (LAM) and a Quadratic Model (QUAD), both additive component 
modelling approaches. The chapter discusses in depth some of the assumptions of such a modelling 
approach and tests these using the experimental data available. 
Chapter 2 introduces more complex analysis of a humic ternary system by applying modelling 
approaches discussed and used in Chapter I to real environmental soils and mixtures of minerals. The 
focus is to test the modelling approaches with a view to up scaling, i.e. testing whether the modelling 
used on single pure model minerals can be used and applied to complex mixtures of minerals. 
Chapter 3 discusses the detailed analysis performed on anthropogenic organic ligand binary and 
ternary interactions with single minerals in the absence and presence of a variety of trace metals. 
These simpler organic ligand systems are described using simple sorption isotherms and by 
determining respective ~ values. The chapter analyses the sorption data with a view to determining 
whether ternary surface complexes exist for these systems. It also includes the effect of mixtures of 
organics on contaminant metal sorption. 
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Chapter 4 concludes with a summary of the major findings and conclusions of the thesis, together 
with recommendations for further work. 
Appendix A gives the results of all the individual binary and ternary experiments and modelling 
results that are not included in the main document of the thesis. 
Appendix B details the full derivation for the quadratic approach used in Chapter I. 
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1 HUMIC BINARY & TERNARY SYSTEMS 
1.1 Introduction 
Radionuclides and toxic metals may be strongly adsorbed onto rock materials such as clay and oxide 
minerals, although such association does not guarantee long-term immobilisation in the subsurface 
environment. To determine the sorption mechanisms of key radionuclides, and quantify the sorption 
properties of individual minerals in the rock mass, measurement and prediction of the sorption 
coefficient parameter is required that 'can take into account not only the amount of metal sorbed onto 
individual minerals but also the increased or decreased metal sorbed as a result of organic coated 
mineral surfaces that may be present [18]. 
Many investigators have studied the partition of various metals to a variety of mineral surfaces. In 
recent years, advances in spectroscopic techniques to accurately determine the metal mineral sorption 
mechanism in conjunction with continuously advancing speciation software has enabled accurate 
modelling of binary systems. Models that can accurately describe metal mineral sorption data include 
the classical 2-pk-EDL model [19], the CD-MUSIC-EDL model [20][21], and the 2SPNE SC/CE 
model [22]. All these models use surface complexation reactions and respective equilibrium constants 
to describe the sorption of metal to the mineral surface. 
Much work has focussed on studying the interaction of metals with organic substances such as humics 
in aqueous solution [23][24][25][26]. It has long been understood that humic substances are highly 
abundant, naturally occurring organic compounds which account for 60-70% of soil organic matter 
[27]. Their interaction with metals is well documented and reviewed [28], particularly for the 
dissolved HA fraction. 
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Modelling metal HA interactions has been partly successful. Metal HA surface complexation (SC) 
binary models have had to account for the fact that the number of binding sites differ for different 
HA's; binding site heterogeneity is large; site competition can take place; the stoichiometry of the 
binding reactions can differ for different ions; and the electrostatic interactions play a role [29]. 
Surface complexation models that have proven to best describe metal HA interactions include Model 
VI [30][31] and the NICA-Donnan Model [29][32]. Advances with linear free energy relationships (or 
LFER's) have also been successful, particularly those that have enabled the determination of metal 
organic interactions that might not necessarily be available in the literature or be easy to measure 
experimentally based on correlations between organic adsorption stability constants and measured 
stability constants of metal organic aqueous complexes [33]. Ultimately it is important to remember 
that it is a lack of good quality and reliable experimental data in the databases that is forcing the need 
to be able to predict or model such systems. And as such, the ability to successfully use models as 
those discussed is only useful if tested on extremely good data, of which there is a considerable lack. 
Due to the polydisperse nature of natural organic materials, incorporation of humic substances into 
speciation models has and continues to present a major challenge for simple binary metal HA and 
mineral HA interactions. HA has been found to enhance metal adsorption capacity of mineral surfaces 
at low pH and reduce the capacity at high pH [34]][35][36][37][38][39][40][41][42][43]. It is widely 
accepted that as a result of the HA mineral interaction, the mineral surface properties are modified 
[44][45]; however the exact reason and or mechanism for this modification is not well understood. In 
fact very little progress has been made with determining the mechanisms leading to the formation of 
these ternary complexes [46]. Speculation that addition cif potentially high affinity complexation sites 
by HA groups [47], competition of reactive binding sites at the mineral surface [48], alteration of 
surface charge or re-distribution of surface potentials as a result of HA sorption [49], and fractionation 
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of HA during sorption [50] may all play a role for the observed enhancement or reduction of metal 
sorption. 
Since a critical part of surface complexation modelling requires that step wise knowledge of the 
sorption mechanism be known, sophisticated models such as those previously mentioned are not yet 
robust enough to accurately describe sorption with varying pH, ionic strength, variations in mineral 
surface and origin [51]. However progress is continually being made with encouraging success 
[52][53][54][55]. One of the main disadvantages of using sophisticated se models is their need for 
often large numbers of input parameters to be either experimentally determined or for each variable a 
model input parameter to be derived and calibrated. For example, when using Model VI [30][31], for 
each humic sample considered, dissociation of protons over the experimental conditions (pH, I, metal 
concentration) has to be characterised. In addition metal binding must be described in detail in terms 
of metal proton competition [31]. This process can be lengthy and complicated, especially when 
upscaling from the laboratory to real environmental systems. 
In order to simplify modelling of a ternary metal-HA-mineral system without requiring numerous 
experimental model inputs to be determined and elucidation ofthe exact specific binding mechanism, 
and where possible, the ability to use existing data available in the literature, a simple, more pragmatic 
approach has been adopted by some investigators. A partitioning approach, as opposed to a surface 
complexation approach, such as the Linear Additive Model (or LAM) is based on classical 
thermodynamic principles. It essentially describes the formation of a ternary metal-HA-mineral 
complex as a physical mixture of independent reactions onto each sorptive phase without specific 
interactions between the di fferent phases. The LAM describes sorption in terms of relative amounts in 
solution and on available sorption surfaces under a specific set of conditions. The LAM requires less 
information about the sorption mechanism. The LAM requires simple Rd partitioning data, of which a 
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multitude exists in databases and the literature, hence its appeal to many investigators and 
perfonnance assessment agencies as a simple and efficient model. 
Palmer et al first derived the use of an additive approach for modelling the sorption of Sr and Cs on 
mixtures of montmorillonites [56]. This approach was proceeded by a host of other metal mineral 
modelling successes [57][58][59]. Davies-Colley et al later expanded the approach to include HA. 
They proposed that the contribution of humic substances to metal ion sorption by various humate-
mineral associations were additive [60] which was tested by Zachara at al with success. Zachara 
demonstrated the LAM for C02+ sorption to a mixture of mineral phases in the presence of HA. 
Zachara suggested that adsorbed humic substances contributed additional binding sites for Co, but 
without affecting Co sorption to the mineral phases [47], and hence proceeded with a LAM approach 
based on the assumption that the humic mineral interactions acted as a non-interactive phase mixture 
at trace metal concentration. Samadfam et ai, also demonstrated the LAM's success under certain 
experimental conditions for describing the sorption of Eu (Ill), Am (Ill) and Cm (Ill) onto kaolinite in 
the presence of HA [34][61]. 
The LAM however does not come without fault. There clearly exists a multitude of contradicting 
results from investigators who have found both great success and failure in its ability to accurately 
describe sorption data. Murphy et al cautiously described the LAM as a simple sorption model for 
humate-modified surfaces, noting that only certain hydrophobic organic compounds and metal cations 
appeared to confonn to the model [62]. Samadfam et ai, whilst having success, did note 
inconsistencies above certain pH and ionic strength. Kumar et al also concluded that these were non-
additive factors in a ternary sorption system involving Cs, Silica and HA [34]. Robertson et al [63] 
investigated the sorption of Cu (H) onto goethite and HA and found that the LAM overestimated Cu 
(H) sorption. Venneer et al found failures with Cd (H) binding to hematite in the presence of HA [64]. 
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Orsetti et al found positive deviations of the additivity rule when investigating Pb (11) sorption to 
goethite in the presence of HA [65] and Christ! et al found that Cu sorption in ternary hematite-fulvic 
acid systems was systematically underestimated by up to 30% using the LAM [43]. 
Reasons cited for the failure of LAM when modelling. metal HA mineral ternary systems have 
included electrostatically enhanced metal ion binding to the mineral surface due to the presence of HA 
[64], fractionation of humic substances [66], proton displacement due to HA sorption to the mineral 
and formation of ternary complexes of type A where the metal bridges the HA and mineral surface 
[65]. Preferential adsorption of metal to organic phases leading to overestimation in a ternary complex 
or preferential adsorption of metal to mineral phases leading to underestimation in a ternary complex 
[67], and competition for binding sites between the HA and the metal on the mineral [68]. 
Since reliable results from any models are heavily dependent on good quality experimental data this 
, 
chapter details the determination of the simplest partioning relationship, the distribution ratio (Rd) of 
binary and ternary humic metal mineral systems. The experimental data are determined as a function 
of HA concentration under neutral pH conditions and constant ionic strength. The minerals used are 
kaolinite, montmorillonite and goethite since these often form one or more of the important mineral 
components in crystalline and sedimentary rock formations [69]. These data are modelled using the 
LAM and another similar composite Rd approach developed at Loughborough. The central aim of the 
work is to gain a deeper understanding of the conditions necessary for the LAM to be successful. The 
scope also includes a rigorous and thorough discussion of the possible reasons for the LAM to fail. 
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1.2 Experimental 
The sorption of HA and trace metals on mineral phases was studied by the batch technique. The 
batch-adsorption or static equilibration technique is used to assess the capacity of solids and solid 
components to remove chemical constituents from solution. With this technique, an aqueous solution 
containing solutes of known composition and concentration is mixed with a given mass of adsorbent, 
at a given temperature, for a given period of time. The solution is then separated from the adsorbent 
and chemically analysed to determine changes in solute concentration. The amount of solute sorbed 
by the adsorbent is assumed to be the difference between initial concentration (before contact with 
adsorbent) and the solute concentration after the mixing period [70]. 
For the investigations reported here, the solid adsorbent material was a range of clay/oxide minerals 
that would be typical of an environmental ground water; montmorillonite, kaolinite and u-goethite. 
The solution phase contained the organic ligand humic acid at varying concentrations in addition to 
trace concentrations of metals; I37CS (caesium), 63Ni (nickel), 152Eu (europium), 59 Fe (iron) or 109Cd 
(cadmium). Concentrations of humic acid were measured using UV spectrophotometry and 
radiometric analysis was used for the metal radionuclide detection. 
In order to determine the individual interactions between the metal, ligand and mineral surface (RdJ, 
Rd2 and Rd3), several experimental set-ups were used. 
Binary systems were used to determine the solid-metal interaction (RdJ) and solid-humic interaction 
(Rd2). Ternary systems were used to determine the solid-metal-humic (type A, i.e. humic bound to 
mineral via bridging by the metal) and solid-humic-metal (type B, i.e. metal bound to mineral via 
bridging by the humic) interactions, denoted as simply Rd. It was unnecessary to set up experiments 
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for the humic-metal (R,J3) interaction, as these had previously been determined at Loughborough 
University by use of the Schubert Ion Exchange Method for Stability Constant (/3) determination. 
Figure 1 Binary and ternary Interactions under Investigation 
Type B Ternary 
Complex (Rd) 
'. 
Metal-Mineral Bi nary 
Complex (RdI) 
L2_i Minerai preparation 
HA-Mela I (aq) Binary 
Complex (R cI3) 
HA-Mi neral Bi nary 
Complex (Rcfll 
ClayJOldde 
..... Mineral 
Three nifferent clHy/oxine minemls were 1Isen for the hinHry ann temHry hHtch experiments KHolin . 
Montmorillonite (K-1O Grade, Aldrich Chemical Company) and Il-Goethjte (Fe(OH)O, Fluka) were 
all used as supplied from their commercial manufacturers. 
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1.2.1.1 Mineral Characterisation 
1.2.1.1.1 BET! Langmuir N2 Sorption Isotherms to Determine SA (Surface Area) 
The BET surface area, Langmuir surface area and average pore size diameter for each mineral was 
determined at Loughborough University, Chemical Engineering Department. The montmorillonite, 
kaolinite, and goethite gave a BET surface area of267 m2 g.!, II m2 g.!, and 9.22 m2 g"!, respectively. 
1.2.1.1.2 Potentiometric Mass Titrations to Determine pze 
Potentiometric mass titrations were performed, under an N2 atmosphere for a blank solution and 
suspensions of three different masses (0.5, 1.0, and 1.5 g per 100 cm3) of each mineral at constant 
ionic strength (0.03 M KN03) and temperature (25.0 ± 0.1 "C). The aqueous suspension containing a 
given amount of mineral was equilibrated for 12 hours to reach an equilibrium pH value. A small 
amount of base, I M KOH, was then added to deprotonate a significant part of the surface sites, 
rendering the surface negative, and the suspension was titrated by adding small volumes of a 0.1 or 
0.5 M aqueous HN03 solution using an automatic syringe (rate of addition of I, 5 or 10 cm3 per hr). 
The pH value was recorded using a calibrated Jenway pH electrode connected to a computer for 
automatic output of real time data (set at every I 0 seconds) using the software, Software Wedge. 
These data were then correlated into curves of pH as a function of acidic solution added, based on a 
known acid addition rate. The intercept of these pH titration curves indicated PZC for 
montmorillonite, kaolinite and goethite as 2.9, 8.2, and 10.9 respectively. 
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1.2.1.1.3 Copper Bisethylenediamine Method combined with Iodometry to Determine CEC 
(Cation Exchange Capacity) 
The CEC of each mineral was measured using an ethylenediamine (EDA) complex of copper [71]. A 
0.05 M solution of Cu(EDA)/+ was prepared by mixing appropriate volumes (I :2) of 1 M CuCh and 
1 M EDA solutions (with a very slight excess of the latter to ensure the complete formation of the 
complex) and made up to the required volume. A known volume (2 to 5 cm3) of the 0.05 M 
Cu(EDA)z2+ solution was diluted with water to 25 cm3 and added to the solid (0.1 g) in a centrifuge 
tube, and the pH of the suspension determined. The suspension was shaken initially on a Whirli Mixer 
for 15 seconds and then transferred to a rotary shaker (300 rpm) for 30 minutes. Each sample was then 
centrifuged and the amount ofCu(EDA)z2+ remaining in the supernatant determined by Iodometry. 
The Iodometry was carried out by taking a 5 cm3 aliquot of the supernatant and mixing this with 5 
cm3 of 0.1 M HC1, to destroy the Cu(EDA)22+ complex. To this KI salt was added at 0.5g1cm3 (v/w), 
which turned the solution into a dark purple/black colour. This was then titrated with 0.02 M NaS203 
solution with starch indicator. 
Using the copper bisethylenediamine method, the CEC of the montmorillonite, kaolinite and goethite 
was determined as 22.6, 8.73, and 2.38' meqll OOg, which compares well with literature values 
[22][72]. The CEC for goethite was also measured as 3.2 meq/100g, using the ammonium acetate 
method with a Kjeldahl distillation [73]. This result compared well with the copper 
bisethylenediamine method, but because of the experimental complexity and time consuming nature 
of the distillation and sample preparation, the copper bisethylenediamine method was used only for 
further CEC determinations. 
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1.2.2 HA preparation 
Purified humic acid was prepared by dissolving approxiumately 2 g of commercially available 
Aldrich sodium humate into a 2 dm] conical flask. To this approxiumately 1900 cm] deionised water 
was added along with'" 4 cm] 0.1 mol dm·] NaOH. This was then sonicated until all the sodium 
humate was dissolved. Once the sodium humate was dissolved, the pH of the solution was lowered 
using approximately 10 cm] of conc. HC!. The humate was allowed to precipitate overnight. When 
separation between the Fulvic and the Humic was complete, the yellow solution (the fulvic acid 
fraction) was decanted off and the remaining darker humic fraction filtered through a 0.45 f.Lm 
cellulose nitrate membrane using a magnetic filter funnel and a filter pump. The remaining solid was 
dried in a dessicator to produce x 1 purified Aldrich sodium humate. To produce x 3 purified Aldrich 
sodium humate the dried solid was further washed, precipitated out of solution, separated and dried 
several times (usually 3-4 times) until no fulvic acid fraction was visible. 
1.2.2.1 HA Characterisation 
The HA characterisation was previously carried out at Loughborough as part of an inter laboratory 
comparison of methods to characterise humic material [74]. 
1.2.3 Active metal stock preparation 
Each radioactive metal stock solution was prepared by dilution from the main stock solution of the 
laboratory. All main stock solutions had been prepared by their respective manufacturers as the 
chloride salt diluted in a small amount of HC!. Approx 10 - 20 f.L1 of this were diluted with approx 30 
- 50 cm] of deionised water to give sub stock solutions where a 0.1 cm] tracer diluted in a typical 20 
cm] sample would give a sample specific activity between 2000 and 5000 (8q cm·]), based on either a 
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counting sample of 10 cm3 for the gamma emitters or a I cm3 for the beta emitters. The total 
concentration for each metal stock solution was determined by measuring 10 control samples and 
using the average specific activity. 
Five metal radioisotopes were used to prepare stock solutions for the use in the experimental work; 
tl/2 (seconds) 
I09Cd 3991680 
131 Cs 952387200 
63Ni 3153600000 
152 Eu 425736000 
59 Fe 3844800 
The specific activity (Bq cm·3) of each radioactive stock solution was measured and the average used 
to calculate the metal concentration using the following equation: 
Equation 3 
Where SA is the specific activity (Bq cm·3) of the stock solution, A. is the decay constant equal to 
0.693/ tl/2, and NA is equal to Avogadro's constant (6.022 x 1023 mor l ). 
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Metal concentrations in sub stock solutions were calculated using measured Becquerel l 
(disintegrations per second) values due to uncertainties associated with age, evaporation and dilution 
of active stock solutions. 
The decay constant (A.) was calculated from the following equation: 
Equation 4 
In2 
1112 =-
It 
Where 11/2 is the radioisotope half life in seconds; I37CS = 952387200 s, 6~i = 3153600000 s, 152Eu = 
425736000 s, I09Cd = 39916800 s, and 59 Fe = 3844800 s. 
The specific activity may be calculated from substituting the Becquerel (for experimental purposes, 
unit of rate of decay per cm3) value into the rearranged form of the exponential decay law allowing 
determination of the number of atoms present per cm3 and subsequently mol dm·3 can be calculated 
by dividing by Avogadro's Constant and multiplying by a factor of 1000. 
Equation 5 Exponential Decay Law 
aN = -ItN (Bq) 
al 
Note: 8N / 8t is the rate of decay (i.e. rate of change of number of atoms), A. is the decay constant, and 
N is the amount of substance present (i.e. number of atoms). 
A summary of the metal concentrations in each experimental vial are shown below in Table I. 
I The unit of activity is the bequerel (Bq), defined by I Bq = I decay per second. 
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Table 1 Radioactive Metal Sub Stock Concentration 
Metal Activity of 1 cm3 [M) in Stock [M) in Experimental 
sample (8q) (mol dm-3) (mol dm-~ 
137 Cs 1491890 3.4x 10-6 1.7 x \0-11 
63 Ni 567252 4.3 x 10-6 2.1 X \0-11 
152 Eu 10452240 1.6 x 10-6 8.0 X \0-12 
109 Cd 10165281 9.9 x \0-7 4.9 X \0-11 
59 Fe 48254170 4.4 x 10-7 2.2 X \0-11 
1.2.3.1 Metal Speciation 
It is important to know which species dominate the speciation of each metal at the pH (6) and ionic 
strength (0.1 M MES) conditions used in this study. Calculations were performed using critically 
selected and estimated stability constants from the JCHESS Database [75). The calculations were 
performed using the speciation programme JCHESS [75), for a typical trace initial metal 
concentration of I x 10-6 mol dm·3. The speciation J-plots are shown in Figure 2 to Figure 6. All the 
plots indicate that at pH 6 the metal should all remain mostly as their respective aqua ion. 
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Figure 6 J Chess Speclation of Caesium 
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1.2.4 Experimental Parameters and Conditions 
To cover a broad equilibrium concentration range of HA, the HA sorption was carned out with 
concentrations ranging from 2.65 x 10.5 to 1.59 x 10.3 mol dm·3 (based on a proton exchange capacity 
of 5.3 mol kg' I [76]). The reactions were carned out in polypropylene containers. The size of the 
container was such that the solid and liquid phases filled about 80 % to 90 % of the container. UnJess 
otherwise stated all batch experiments were prepared on the bench at room temperature. Initial 
scoping experiments were performed to establish a steady state concentration during adsorption 
experiments. ReSults from these indicated that fur all the experiments, unless othclVY'"i5c stated, 7 dayS 
equilibrium \vas sufficient to establish a steacr-y state. During equilibration periods, samples w"ere 
stored at room temperature. Ionic strength and pH were controlled throughout the experimental 
procedure by use of 0.1 mol dm·3 MES buffer adjusted to pH 6. MES is a non complexing buffer 
whose buffering range lies between 5.5 - 6.7 (pKa 6.10 at 25°C). All experimental vials had their pH 
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measured and recorded prior to and post equilibration. Solid and liquid phases were separated using a 
0.2 J.lm Sartorious Minisart Single use filter with a BD Plastipak Sterile 5 cm3 Syringe. To reduce 
error. ll,,-<ocillteef with sorption onto the filters, control shlefies were nnefer/llken to efetermine the extent 
of sorption on the fl!ter. AJ! batch data where necessary were thus sorption corrected to take account 
of this effect. An additional study was also undertaken with a limited number of data sets to compare 
filtering techniques with centrifuging. All samples in each batch were subject to the same mixing 
conditions. Each vial was shaken on a Whirlimixer for 30 s prior to equilibration and during 
equilibration subject to rotational mixing on a standard rotary shaker set at 300 rpm. A series of 
solid:solution ratiosll ranging from 1:10 to 1:2000 were tested and evaluated for the construction of 
adsorption isotherms to determine the solid:solution ratio that would permit enough solute to be 
bound to result in measurable, statistically significant differences in solution concentration to enable 
construction of adsorption isotherms. In accordance with an EPA Technical Resource Document for 
batch-type procedures for estimating soil adsorption of chemicals [70], a ratio of 1 :200 (0.1 g of solid: 
20 cm3 of soiution) was chosen for aii batch sets as this ratio indicated between i 0% and 30% 
adsorption of the highest solute concentration, as recommended as the most eltective adsorption 
percentage range for isotherm construction. Binary and ternary system batch sets were equilibrated for 
a total of 7 days. All experimental batch sets were performed along side control sets, which were 
prepared in identical conditions. Controls were nsed to determine whether there was undetected 
precipitation which may have been mistaken for sorption and also allowed for correction of filter 
sorption where necessary. The controls also acted as a base figure for sorption calculations and 
construction of sorption isotherms. 
n The term "soil: solution ratio" refers to the ratio of the mass of the adsorbent sample (i.e. 
___ 4-- __ ;11 __ :._ 1 ........ 1:_: ... ___ _ ~ .... _ ... L:.~'\ .......... 1... ......... 1 .. _ ...... £'I:_ .. :..l 
lUUl.lLU1Vlulvun\,o, I\.QV11ll1U •• VI U.-5v ..... 1.IJ1U' .. ) LV U''''' VV1UllUo .• Vl il\.:lUIU. 
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1.2.5 Experimental Equipment 
The major pieces of equipment used in the experimental are listed in Table 2. 
Table 2 Experimental Equipment 
Equipment Use Parameters & Settings 
Varian Cary Series Type 50 Bio UV measurement of HA Specific wavelength assignment 
UV Spectrophotometer solutions at 203 nm, 254 nm, mode with baseline correction 
300 nm, 350 nm, 464 nm, and using 0.1 mol dm·J MES. 
664 nm. 
Phillips PU 8730 UV measurement of HA Specific wavelength assignment 
Spectrophotometer solutions at 203 nm, 254 nm, mode with baseline correction 
300 nm, 350 nm, 464 nm, and using 0.1 mol dm·J MES. 
664 nm. 
Packard Cobra 2 Auto G~mma Measurement of 'Y ener~ies of Full counting channel window 
Spectrophotometer 1J7 CS, 152 Eu, 59 Fe and 10 Cd. used 0 to 2000 keV recorded. 
Counted to at least 10 thousand 
counts (i.e. 2a) 
Packard TRI-CARB 2750 Measurement of ~ energies of Full counting channel window 
TRILL Liquid Scintillation 6J Ni. used 0 to 2000 keV recorded. 
Counter DPM values adjusted to take 
into account quenching. 
Jenway pH meter and probe Measurement of all solution pH Calibrated using standards 
(typically pH 4, 7, and 10). 
Used only if calibration slope 
~97%. 
Rotary Shaker Sample shaken during 300 rpm 
equilibration period. 
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1.2.6 Metal-Mineral Binary Systems 
Metal binary batch experiments were prepared in duplicate in addition to control sets which contained 
no mineral. To each experimental vial, 0.1 g of mineral (either montmorillonite, kaolinite or u-
goethite) were added along with 20 cm) of the appropriate metal chloride/nitrate at various 
concentrations (0.1 mol dm') to 1 x 10-6 mol dm')) and 0.1 cm) of radioactive metal stock solution. 
Each vial was mixed using a 'Whirlimixer' for 30 seconds ensuring all the mineral had not settled to 
the bottom of the vial and then equilibrated for 7 days at room temperature with constant shaking at 
300 rpm. After 7 days equilibration the samples were used for activity measurements. 
1.2.7 Humic-Mineral Binary and Metal-Humic-Mineral Ternary Systems 
Ternary batch experiments were prepared in triplicate in addition to a control set containing no 
mineral. To each vial, 0.1 g of mineral (either montmorillonite, kaolinite or u-goethite) were added 
along with 20 cm) of the appropriate concentration of HA (2 mol dm') to 300 mol dm-)) for the binary 
experiments. For the ternary experiments the same was also prepared as stated above but with the 
addition of 0.1 cm) of trace metal (approx I x 10-6 mol dm-)). Each vial was mixed using a 
'Whirlimixer' for 30 seconds ensuring all the mineral had not settled to the bottom of the vial and 
then equilibrated for 7 days at room temperature with constant shaking at 300 rpm. After 7 days 
equilibration the samples were used for both UV measurements and activity measurements. 
1.2.8 Preparation for UV Spectrophotometric Measurement 
UV measurements were taken by filling a 0.1 cm quartz cuvette with each sample and recording the 
absorbance spectra at 254 nm. 
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1.2.9 Preparation for Activity Measurement 
The radiochemical measurement varies for each metal depending on the nature of tracer metal used, 
i.e. beta or gamma emitter. Where the metal was a beta emitter, liquid scintillation counting (LSC) 
was used, and where the metal was a gamma emitter, gamma counting was used. For liquid 
scintillation counting quench correction curves were determined for both the humic acid solutes and 
coloured chloride solutes. 
1.2.9.1 Beta Emitter (3Ni) 
After equilibration a 5 cm3 sample of clear supernatent liquid was withdrawn from each vial using a 5 
cm3 syringe. This was filtered using a 0.2 I!m syringe filter, to avoid mineral removal, and the first 2 
cm3 discarded to avoid the problem of retention on the filter disc, a further 2 cm) were used to wash a 
quartz curvette and take a UV measurement. The remaining I cm3 was weighed into a vial containing 
lO cm3 of Gold Star multi purpose liquid scintillation cocktail and the weight recorded. The activity 
was measured using a LSC over a time period that provided at least ten thousand counts per sample. 
The pH of the remaining liquid was measured. Liquid scintillation quench correction curves were 
prepared for 63Ni in the presence of varying concentrations of Ni Cb and HA in 0.1 M MES standards. 
The counting efficiency of 63Ni in each standard was determined in order to correct the count rate 
(cps), as measured by the LSC, to disintegration rate (dps or Bq), i.e. the rate of radioactive decay in 
the sample as shown in Equation 6: 
Equation 6 
dps = cps / CE 
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The counting efficiency (CE) was measured by using the 'Sample Channels Ratio' method in which 
two counting channels are set (A and B) and standards, together with the samples are counted in each 
channel. The standards are used to establish a calibration curve of CE in channel A versus Channels 
ratio (CPMA/CPMB). The CE of each sample is then determined from the calibration graph and used 
to convert cps to dps. All 6] Ni data were corrected for quench correction accordingly. 
1.2.9.2 Gamma Emitter (I37CS, 152Eu, 5~e & 109Cd) 
After equilibration a 4 cm] sample of clear supernatent liquid was withdrawn from each vial using a 5 
cm] syringe. This was filtered using a 0.2 flm syringe filter, to avoid mineral removal, and then the 
first 2 cm] discarded to avoid the problem of retention on the filter disc. The remaining 2 cm] were 
weighed into a gamma vial and the weight recorded. The vial was stoppered using a rubber bung. The 
radioactivity was measured using a gamma counter over a time period that provided at least ten 
thousand counts per sample. The pH of the remaining liquid was measured. 
1.2.10 Metal-mineral (R,Il) determination 
Using the radiometric measurements for each experiment the amount of metal sorbed (C bound, mol 
dm]) and the amount of metal remaining in solution (C free, mol dm']) was determined. These data 
were then used to construct sorption isotherms (graph of solute sorbed by the adsorbent (sorbed, mol 
kg· l ) plotted as a function of the amount of solute remaining in the solution (aq, mol dm']» from 
which the distribution ratio Rd, (units, dm] kg' I) can be determined as shown in Equation 7, 
Equation 7 
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The Rd for each metal chloride/nitrate concentration was taken as the slope of the linear part of the 
sorption isotherm. 
1.2.11 Humic- solid (Rd2) determination 
Rd2 was calculated for each humic-mineral system. Using the UV spectrophotometric measurements, 
the amount of humic sorbed (mol kg· l ) and the amount of humic remaining in solution (mol dm· l ) was 
d.etermined for each humic concentration. Using these data sorption isotherms were constructed and 
the Rd2 at each HA concentration was calculated. 
1.2.12 Humic- metal (Rd3) determination 
Rd3 was determined previously at Loughborough and is reported in detail elsewhere [77] for each 
humic-metal system using the Schubert ion exchange method for stability constant (Rd3 or fJ) 
determination [78]. 
1.3 Results & Discussion 
1.3.1 HA calibration graphs 
UV recordings were taken for each sample at 254 nm, 300 nm and 350 nm on both the UV Type 
Phillips PU8730 Spectrophotometer and the UV Type Varian Cary Series 50 Bio Spectrophotometer. 
The respective calibration graphs are shown Figure 7. 
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1.3.2 Liquid scintiUation quench correction curves 
Liquid scintillation quench correction curves were prepared for 6~i in the presence of varying 
concentrations of NiCh and HA in 0 .1 M MES standards. These were used to quench correct the 
radiometnc measurements made for all the 63 Ni binary and ternary batch experiments. Quench 
correction curves are shown in Figure 8 and Figure 9. 
Figure 8 Humic Acid Quench Correction Curve 
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Figure 9 Nickel Chloride Quench Correction Curve 
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1.3.3 Binary Systems 
Three types of binary systems were investigated and Ra values for these calculated. TIle first, 
described here as the RaJ, IS the mteractIon between a trace metal and solid mmeral phase. The 
second, ~, is the interaction between humic acid and solid mineral phase. The third is the aqueous 
formation constant between metal and humic acid, Rn, otherwise known as a conditional stability 
constant. 
1.3.3.1 Metal- Mineral Rd/ 
An example of a sorption isotheml of a metal to a mineral is shown in Figure 10, which shows the 
sorption of europium to montmoriUomte. As descnbed in the expenmental, the Imear part of each 
isotherm was taken as the Rd value. (units of dm3 kg-I). calculated by the slope for that section For all 
the metals stuwed a compilation of each Ra value is given ill Table 3, these data are taken from the 
relevant graphs whIch are supplied m Appendix A 
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Figure 10 Europium MontmoriUonite Sorption Isothenn 
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Table 3 R", Data 
Mineral Phase ~(dl1l kg·I) 
"2Eu s~e ~i ! '09Cd B7CS 
Montmorillomte 2044 1000** 213 i l73 191 
Kaolinite 1496 N/A 182 179 14 
Goethite 237 14000' ~10 1 27 54 
-
* Takenfrom COlIghlin et al [79}, ~calclllatedfrom 93.4 % Fe{lI) sorptIOn to goeihlte 01 pH 6, S:S 1 
g L·I , [Fe(Il}j 9.1 pM. 
** Taken from Schlllt:: et al (SO}, R.J calculated as /000 dm3 kg'! 10 Wyommg montmorlllonite at pH 
6, S:S 10 g LI, (Fe(IJ)} 0.1 pM. 
The sorption dlStnbuDon coefficients of the metals; caesium.. nickel, cadmium and europIUm, to 
montmorillonite, kaolinite and goethite, as detennined by batch experiment, are shown in Table 3. In 
general, the percentage metal sorbed Increased with decreasing metal concentration. This can be 
attnbuted to mass actIon as the degree of metal exchangelcomplexation depends on the relative 
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concentratlons of the competing ions in the bulk solution; i.e. increasing concentration of anions and 
thus, increasing formation of metal-anion complexes resulting in a reduced metal binding by the solid 
surface. 
The sorption coefficients demonstrate that the adsorption strength of metal to the solid with respect to 
the solid is in the order of montmorillonite > kaolinite > goethite. This is in agreement with their 
respective cation exchange capacities of97, 30, and 25 meq per lOO g. The results for caesium show a 
slight variation in the trend between kaolinite and goethite which is likely to be a result of the 
electrostatic nature of the caesium interaction. 
The sorption coefficients also demonstrate that the adsorption strength of metal to the solid with 
respect to the metal is in the order of europium> nickel> cadmium> caesium. This is in agreement 
with their respective charges and ionic radii [81], as the affinity of most cations for an adsorbing 
surface is greater (i) for divalent than for monovalent ions, and (ii) for large cations than for small 
ones of the same charge because the larger the cation the less hydrated it is. 
As described previously, montmorillonite and kaolinite have a net negative charge resulting from 
isomorphic substitution of divalent for triv~lent ions (e.g. Mg2+ for AIJ+) and trivalent for tetravalent 
ions (e.g. A13+ for Si4j within the mineral structure during their formation. The strength with which 
cations are attracted to this negative charge, is directly proportional to the product of the charges 
involved and inversely proportional to the square of the distance between charges, as described by 
Coulomb's law. Using this to predict the trend of the force between the solid surface and the metal 
ion, as calculated in Table 4, we would expect that europium would be the most tightly held ion, then 
nickel, followed by cadmium and the weakest metal ion being caesium, which is in agreement with 
the experimentally determined sorption coefficient data. 
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Table 4 Metal Ionic Radii and Ionic Charge 
Metal Ionic Radius/nm Ionic Charge Charge Radius Ratio! z2fr 
--
-- -
EuropIUm 0.093 3 96.77 
Nickel 0.072 2 55.56 
Cadmium 0.097 2 41.24 
Caesium 0.167 1 5.99 
- . 
1.3.3.2 HA - Mineral Rd2 
The sorption isotherms of HA to montrnorillonite, kaolinite and goethite are shown below in Figure 
11 to Figure 13 
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From these graphs, two sorption mechanisms are displayed for each mineral, the first at low HA 
concentrations and a second at higher HA concentratIons. Typical of clasSiCal L-curve type isotherms, 
both montmorillonite and kaolinite show a clear levelling off point of sorption due to the fact that 
monolayer coverage of humiC has been achieved where sorptIon density 15 relatIvely mdependent of 
equilibnum concentration of RA. 
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Goethite varies in that a plateau region is not achieved which might be explained by the fact that more 
than one layer of humic is sorbing to the iron oxide surface. Since humic substances often contain 
aromatic rings and an aliphatic chain, which impart significant hydrophobic character [SO] and 
increase the likelihood that hydrophobic interactions play a role when absorbed by iron oxide. This 
can lead to more than one layer of humic on the iron oxide surface [82]' 
All minerals demonstrated non linearity indicative of a restriction of the number of sorption sites on 
the mineral surface, and hence the reason why an Rd value for each HA concentration was calcu lated, 
rather than that calculated by the slope as was the case for the determination of RdJ values for metal 
mineral binary systems. The individual Rn data for each HA concentration onto each solid are 
presented in Table 5. The Rdl are presented in two forms, the first is the Rd calculated taking into 
account the solid solution ratio (i.e. Rd multiplied by the mass of solid, and divided by the volume of 
solution present in the experimental vial). The second form is simply the bound fraction dividied by 
the free fraction, both in units of mol dm-3 and is therefore dimension less. 
Table 5 R", Data for Experiniental HA Concentration Range 
[HA] Imol Montmorillonite R.t Kaolinite R.t Goethite R.t 
dm-3 
dm3 kg-1 Dimensionless dm"' kg- l Dimensionless dm' kg- l Dimensionless 
2.65E-05 227.3 1.1 131.4 0.6 6397.7 I 31.9 
5.30E-05 242.9 L2 183.6 0.9 6397.7 31.9 
7.95E-05 202.3 1.0 172.2 0.8 6397.7 31.9 
I.06E-04 148.8 0.7 153.5 0.7 2030.5 10.1 
1.33E-04 116.4 0.5 120.3 0.6 1461.3 I 7.3 
I. 86E-04 93.2 0.4 96.3 0.4 923.7 4.6 
2.65E-04 70.9 0.3 71.7 0.3 611.7 3.0 
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" 3.45E-04 58.2 0.2 53.3 0.2 269.0 1.3 
3.98E-04 58.4 0.2 46.3 0.2 160.1 0.8 
4.17E-04 56.0 0.2 38.6 0.1 141.4 0.7 
5.30E-04 44.0 0.2 37.2 0.1 99.3 0.5 
6.10E-04 43.6 0.2 31.4 0.1 100.2 0.5 
6.89E-04 39.6 0.2 26.4 ,0.1 92.7 I 0.4 
7.95E-04 40.1 0.2 25.7 0.1 76.6 I 0.3 
8.75E-04 34.2 0.1 23.6 0.1 68.6 0.3 
1.06E-03 31.7 0.1 21.2 0.1 69.7 0.3 
1.33E-03 25.7 0.1 19.4 0.1 N/A N/A 
I. 59E-03 25.5 0.1 15.7 0.0 N/A N/A 
The major mechanism of sorption of humic acid to mineral surfaces is thought to proceed via ligand 
exchange [83][84][85][86] whereby anionic groups of the humic (most likely the carboxylic acid 
groups) replace surface coordinated H20 or OH" groups on the oxide of the surface minerals [87][88]. 
At pH 6, both monUnoril1onite and kaolinite would be expected to have a net negative charge, and 
goethite,to have a slightly positive net negative charge [89]. Combined with their respective pH PZC 
(point of zero charge) values of 6.5, 5.3, and 7.7 respectively, the sorption data clearly follow a charge 
correlation. 
The maximum sorption capacity of HA onto the mineral surfaces increased in the order 
goethite>monUnorillonite>kaolinite. This can be explained by the additional electrostatic attraction 
between the positive goethite surface and the negative functional groups of the HA. When humic 
substances are adsorbed to the surface of iron oxide, humic acids make the surface of iron oxide show 
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negative charges, even at pH values where the oxide surfaces should exhibit a positive potential [90]. 
As has been shown previously, only a very small amount of natural organic matter is required to 
change the polarity of the surfuce charge of goethite from positive to negative [91J-
This difference between the much higher sorption density of HA onto goethite compared with 
montmorillonite and kaolinite can also be attributed to goethite's extremely large BET surfuce area 
[92]. Reactive hydroxyl sites are located exclusively on the edges of the kaolinite crystal structure 
[93][94] but for goethite these are spread over the entire mineral surfuce, providing a greater density 
of reactive hydroxyl sites. The BET surface areas of goethite, montmorillonite and kaolinite were 
measured as 58 m2 g-!, 267 m2 g-!, and 12.6 m2 g-! respectively. 
The HA mineral sorption isotherms demonstrate the common behaviour of increased humic sorption 
with respect to the total humic concentration. However the greatest percentages sorbed of the total 
humic present in the systems are at the lower HA concentrations. Figure 14 illustrates the HA sorbed 
to each mineral as a percentage of the total HA in the binary systems as a function of the HA 
concentration. The HA sorption results are in agreement with results of other workers who have found 
. similar sorption of organics to iron oxides and clay minerals under near neutral conditions 
[95][18][96][97][98]. 
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Figure 14 % Sorption of Humii: to Clay/Oxide Surfaces 
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Metal-humic stability constant data were based on previous studies carried out at Loughborough and 
are reported else",here [77]. These data are shown in Table 6 
Table 6 Summary of Metal-Humic Binary R", Stability Constants 
Metal Metal HA R.n (13) Stability Constants 
LogRo R.o Standard 
DevtatJon (0) 
Cs 2.97 9.33 x l<i ±0.74 
NiC>- 577 589 x 10' ±0.21 
-
Cd2' 4.28 1.91 x 104 Not Reported 
Eu3 8.25 1.78xlO· Not Reported 
Note: the stability constant (R,n) "nits are dimensionless as they are a log value 
The conditions under which the above were measured include the use of temperature controlled water 
baths set at 25 "C The sorption experiments were performed in 20 cm3 polypropylene vials contaimng 
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between 100 and 1000 mg of resin, depending on the charge of the cation. Each sample was prepared 
and measured in triplicate. 15 cm3 aliquots of various concentrations of HA (2 mg dm·3 to 250 mg dm' 
'), buffered at pH 6 using 0.1 mol dm"' MES buffer were added to the resin along with 0.1 cm' metal 
solution (concentration at least 2 orders of magnitude lower than the metal binding capacity of a 
solution of HA of concentration 2 mol dm"'). Samples were equilibrated for 7 days. After 7 days 5 
cm3 of the supematant liquid was withdrawn, through a 0.45 !1ffi filter, and the activity of the 
radionuclide measured. 
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1.3.4 Ternary Systems 
1.3.4.1 Metal Sorption to Mineral in the presence of HA 
The sorption of each trnce metal, 137Cs (caesium), 6~i (nickel), 152Eu (europium), 5"Fe (iron) and 
\09Cd (cadmium) was measured to each mineral, montmorillonite, kaolinite and goethite in the 
presence of varying HA concentrntions. The respective metal concentration in each ternary system are 
the same metal concentrntions as calculated in Table I. The isotherms are shown in Appendix A 
Table 7 to Table 9 provide the average Ri values (averaged from a total of 3 data sets) calculated for 
each metal onto each mineral for each HA concentration. From these data it is seen that metal sorption 
is enhanced at low HA concentrntions or approximately equivalent to its Rd! value (the metal mineral 
sorption coefficient in the absence of HA) for the majority of the systems studied. The only 
exceptions to this are for the systems of europium montmorillonite, and europium, nickel and iron 
kaolinite. For these systems the ternary metal Rd is reduced compared with its binary Ri! interaction 
even at the low HA concentrntions. The enhanced metal sorption at the low HA concentrntions is due 
to the higher percentage HA sorption of the total HA available in the system at these concentrations. 
The HA once in greater concentration, is in a more equal distribution between the mineral and the 
aqueous phase and hence competition for the trnce metal between the bound and aqueous HA exists, 
reducing the overall metal Rd- This is why, for the higher HA concentrntions, less enhancement of 
metal sorption is observed. 
For the systems where no enhancement is observed or a reduction of the R.il is observed in the 
presence of HA, a combination offuctors could be used to explain the data. It is possible that fur these 
systems the stability constant of the metal HA is so high that the metal is simply following the HA 
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distribution. Hence if only 40 % of the HA is absorbed, then approximately only 40 % of the metal 
would sorb. 
The goethite systems consistently exhibit the largest metal enhancements. This can be attributed to the 
difference is surfuce charge between goethite and the clays. Since it is slightly positively charged, in a 
binary system metal ions are likely to be affected by charge repulsion. Whereas in the presence of 
HA, the surface appears slightly negative and therefore metal attraction is expected to be increased. 
Table 7 Metal Montrnorillonite R. Data (Ternary System, i.e. in the presence of HA) 
i[HAj smo R rl units of k"Q-1dm' 
dm''') Cd (11) Cs (I) Ni (11) Eu(lII) Iron (11)/(111) 
2.65E-05 486.U 353.6 316.0 1050.C 24430.8 
5.30E-05 351.5 347.6 338.5 376.4 4106.7 
7.95E-05 350.4 336.9 341.6 261.3 2057.1 
1.06E-04 340.7 337.0 312.7 160.4 1310.0 
1.33E-04 334.U 338.9 232.5 137.€ 1152.4 
1.86E-04 302.4 406.3 176.9 93.1 832.1 
2.65E-04 290.4 404.5 110.2 78.4 603.1 
3.45E-04 283.C 409.5 69.6 54.f 437.4 
3.98E-04 276.4 360.2 75.2 52.€ 404.7 
4.77E-04 265.8 252.4 61.8 59.7 259.4 
5.30E-04 261.2 298.3 70.1 43.~ 284.8 
6.10E-04 249.1 285.~ 49.0 4H 243.1 
6.89E-04 213.1 272.5 66.3 30.5 193.3 
7.95E-04 209.9 278.4 16.3 31,4 202.6 
8.75E-04 207.7 175.5 17.1 36.~ 169.1 
1.06E-03 182.5 187.3 14.4 34,4 .152.3 
1.33E-03 183.2 305.7 28.1 25." 152.4 
1.59E-O" 177.1 169.7 10.9 28.' 118.0 
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Table 8 Metal Kaolinite Rd Data (Ternary System, i.e. in the presence of HA) 
[!RAf. (mo R rl units of k.q- dm' 
dm"> Cd Ill) Cs (I) Ni Ill) Eu(lII) Iron (JI}/{I11 
2.65E-05 794.2 5642_6 110.7 4415.9 2306.0 
5.30E-05 480.0 5749.1 165.4 1093.S 2947.2 
7.95E-05 357.3 5656.6 178.7 386.£ 761.5 
1.06E-04 349.3 6039.3 155.4 269A 848.8 
1.33E-04 188.3 6039.4 105.4 161.8 618.7 
1.86E-04 156.0 6044.2 87.1 138 .• 321.1 
2.65E-04 146.6 5994.2 52.3 98./ 226.5 
3.45E-04 153.4 6441.7 41.0 7L 162.2 
3.98E-04 692 6082.4 34.3 54.0 150.1 
4.77E-04 61.2 5695.4 32.7 56.0 138.~ 
5.30E-04 57.5 5476.1 202 60.2 109.9 
. 6.10E-04 70.3 5619.1 46.6 38A 111.6 
6.89E-04 50.8 5546.1 15.0 36.( 93.6 
7.95E-04 67.5 5294.9 34.5 30., 84.0 
8.75E-04 62.7 5167.2 <:1 34.~ 87.3 
1.06E-03 16.8 4794.4 <:1 3U 69.6 
1.33E-03 51.2 5486.8 <:1 30.' 83.8 
1.59E-03 52.9 48722 <:1 36.6 57.6 
Table 9 Metal Goethite Rd Data (Ternary System, i.e. in the presence of HA) 
[lR1\T"Tmo R units of kg- dm' dm-~ Cd (11) Cs (\) Ni (11) Eu (Ill) Iron (11)/(111 
2.65E-05 2145.3 2406-:6 2799.1 54792.1 205590.1 
5.30E-05 1775.4 3029.5 8842 123689.~ 74031.8 
7.95E-05 2235.6 3150.7 727.9 34005.8 59002.4 
1.06E-04 1353.9 3103.9 823.9 9485.~ 59443.2 
1.33E-04 1127.3 3643.0 1160.6 6218.f 25029.1 
1.86E-04 713.8 4941.9 1073.7 2350.1 3937.8 
2.65E-04 627.4 3520.9 1026.0 710.1 819.9 
3.45E-04 450.4 3036.9 621.9 437.( 342.! 
3.98E-04 420.6 3281.2 266.8 381.3 292.1 
4.77E-O-' 533.5 4279.5 233.4 276.: 206.6 
5.30E-04 291.1 3513.4 1712 252.; 176.1 
6.10E-O-' 341.3 4493.0 118.1 182.1 15U 
6.89E-04 237.0 4238.4 105.6 197.1 111.5 
7.95E-04 454.0 4764.0 190.6 146.; 121.9 
8.75E-O-' 221.0 3923.: 103.8 138A 112.6 
1.06E-O: 215.6 2127.; 105.5 108 .. 104., 
1.33E-03 230.6 4448.; 45.3 82./ 94.9 
1.59E-03 175.9 3268.4 44.8 60.~ 94.0 
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1.3.4.2 HA Sorption to Mineral in the presence of Trace Metal 
The sorption of HA onto minernl was found to be influenced by trnce metal for some of the ternary 
systems investigated_ An example is shown in Figure 15, where the HA distribution in the binary 
system for montmorillonite is plotted against the HA distribution in the ternary system, when trnoo 
europium is present From this grnph it is clear that there is a slightly higher HA sorption to the 
montmorillonite in the binary system compared with the ternary system, particularly at the low [HA 1 
concentrations_ 
Figure 15 Ternary J Binary HA Correlation onto MontmoriDonite in Presence of Trace Eu" 
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Alternatively for some systems the HA distribution in the ternary system is enhanced compared with 
that in the binary system_ To illustrnte this, an example is shown in Figure 16, where the HA 
distribution in the binary system for kaolinite is plotted against the HA distribution in the ternary 
system, when trace nickel is present 
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Figure 16 Ternary I Binary HA Correlation onto Kaolinite in Presence of Trace Ni" 
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Figure 16 also demonstrates another observation that exists in the data, i.e. for many of the systems a 
linear correlation does not exist between the HA distribution in the binary system compared with that 
in the ternary system over the entire [HA] concentration range. This is particularly evident for the 
goethite systems where the HA distribution in the ternary mirrors that of the binary completely until 
approximately HAm~' (isotherms becomes non-linear and begin to curve such that HA sorption is 
independent of HA concentration). After this point, depending on the metal present the HA sorption 
can then be much reduced or become enhanced. 
To provide a clearer demonstration of the extent of the variability between the binary and ternary HA 
distributions, data for the percentage (%) HA sorbed for both the binary and ternary systems 
combined with the ratio ofthe percentage HA wrl>cd Binary with percentage HA wrl>cd Ternary at each 
HA concentration are provided in Table 10 to Table 12. Where the ratio is equal or is close to one, it 
can be assummed that the HA distribution is unaffected by the presence of metal. Where the ratio is 
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less that 1, significant HA sorption enhancement is occurring and if it is above I, significant reduction 
. . 
IS occurnng. 
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Table 10 HA Montmorlllonite Binary and Ternary Comparison of % HA SOrbed Data 
Binary Eu Ni Cd Cs Fe 
[HAj/mol 
dm-3 HA Blna.,. HA Tema.,. H~BI:HA(T) HA Ternary H~81:H~T) HA Terna.,. H~B):H~TI HA Tornai'Y H~B):HA(TI HA Tem..,. H~BI:HA/T) 
2.7E-OS 53.2 33.6 1.6 99.0 0.5 87.4 0.6 17.9 3.0 100.4 0.5 
S.3E-OS 54.8 43.2 1.3 85.4 0.6 52.3 1.0 32.4 1.7 89.4 0.6 
B.OE-OS 50.3 42.5 1.2 78.7 0.6 40.2 1.3 35.6 1.4 79.7 0.6 
l.lE-il'I 42.7 37.2 1.1 70.3 0.6 37.4 1.1 34.3 1.2 70.7 0.6 
1.3E-04 36.8 33.9 1.1 63.3 0.6 30.7 1.2 32.1 1.1 64.8 0.6 
1.9E-04 31.8 27.8 1.1 54.9 0.6 23.3 1.4 31.2 1.0 56.9 0.6 
2.7E-04 26.2 24.1 1.1 47.5 0.6 19.2 1.4 27.7 0.9 46.2 0.6 
3.4E-04 22.6 22.8 1.0 38.1 0.6 13.6 1.7 28.6 0.8 33.0 0.7 
4.0E-04 22.6 19.0 1.2 36.1 0.6 12.1 1.9 26,7 0.8 38.2 0.6 
4.8E-04 21.9 20.7 1.1 35.8 0.6 8.6 2.6 23.0 1.0 49.7 0.4 
S.3E-04 18.1 17.1 1.1 31.9 0.6 7.5 2.4 20.0 0.9 49.8 0.4 
6.1E-04 17.9 16.2 1.1 32.0 0.6 5.6 3.2 18.3 1.0 25.8 0.7 
6.9E-04 16.6 14.4 1.2 32.6 0.5 7.9 2.1 20.5 0.8 25.4 0.7 
8.0E-04 16.7 14.1 1.2 25.4 0.7 5.4 3.1 17.6 1.0 24.7 0.7 
8.7E-04 14.6 11.3 1.3 25.1 0.6 8.1 1.8 13.5 1.1 24.3 0.6 
l.lE-03 13.7 12.0 1.1 26.1 0.5 4.0 3.4 13.8 1.0 17.5 0.8 
1.3E-03 11.4 10.7 1 .1 24.5 0.5 5.0 2.3 9.7 1.2 16.6 0.7 
1.6E-03 11.3 9.4 1.2 23.4 0.5 6.8 1.7 9.4 1.2 15.0 0.8 
Average 1.2 0.6 1.9 1.2 0.6 
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Table 11 HA Kaolinlte Binary and Ternary Comparison & % HA Sorbed Data 
Binary Eu NI Cd Cs Fe 
[HA]/mol 
dm-3 HA Binary HA re,nary H~B):HA(T) HA Ternary HA(B):HA(T) HA rernary HA(8)HA(T) HA rernary H~8):HA(T) HA rema,Y H~8)HA(T) 
2.7E-OS 47.9 39.1 1.2 96.3 0.5 71.8 0.7 16.6 2.9 29.0 1.7 
S.3E-OS 46.3 45.9 1.0 83.4 0.6 42.7 1.1 39.7 1.2 55.5 0.8 
8.0E-OS 43.4 39.9 1.1 76.9 0.6 47.2 0.9 46.0 0.9 52.4 0.8 
l.lE-04 37.6 40.5 0.9 67.2 0.6 47.9 0.8 42.6 0.9 47.1 0.8 
1.3E-0<1 32.5 33.6 1.0 56.0 0.6 42.7 0.8 39.6 0.8 42.9 0.8 
1.9E-04 26.4 27.6 1.0 46.0 0.6 46.4 0.6 35.1 0.8 35.3 0.7 
2.7E-0<1 21.0 21.3 1.0 37.0 0.6 48.4 0.4 29.8 0.7 29.3 0.7 
3.4E-04 18.8 20.4 0.9 49.6 0.4 38.1 0.5 22.1 0.8 23.1 0.8 
4.0E-0<1 16.2 16.0 1.0 30.2 0.5 22.6 0.7 24.0 0.7 19.3 0.8 
4.8E-0<1 15.7 16.6 0.9 29.2 0.5 27.1 0.6 20.2 0.8 12.0 1.3 
S.3E-04 13.6 13.3 1.0 25.0 0.5 18.4 0.7 16.0 0.9 10.9 1.2 
6.1E-04 11.7 12.8 0.9 23.3 0.5 22.0 0.5 18.0 0.7 9.7 1.2 
6.9E-04 11.4 11.6 1.0 23.9 0.5 18.9 0.6 15.1 0.8 13.0 0.9 
8.0E-04 10.6 9.9 1.1 20.7 0.5 14.8 0.7 11.4 0.9 9.5 1.1 
8.7E-04 9.6 9.3 1.0 19.7 0.5 15.7 0.6 8.4 1.1 11.5 0.8 
l.lE-03 8.8 8.8 1.0 22.6 0.4 8.2 1.1 9.7 0.9 6.7 1.3 
1.3E-03 7.3 6.5 1.1 19.6 0.4 9.5 0.8 8.3 0.9 2.3 3.2 
1.6E-03 5.8 5.5 1.1 17.4 0.3 4.3 1.4 3.6 1.6 3.4 1 ;7 
Avera~e 1.0 0.5 0.7 1.0 1.2 
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Table 12 HA Goethite Binary and Ternary Comparison & % HA Sorbed Data 
Binary Eu NI Cd Cs Fe 
[HA]/mol 
dm-3 HA Binary HA Ternary H~B):HA(T) HA Ternary HA(B)HA(T) HA Ternary HA(B):HA(T) HA Tomary H~B):HA(T) HA Ternary HA(B):H~T) 
2.7E-OS 100.0 97.1 1.0 98.8 1.0 99.7 1.0 99.6 1.0 99.7 1.0 
S.3E-OS 97.0 96.3 1.0 99.1 1.0 96.1 1.0 99.2 1.0 99.2 1.0 
S.OE-OS 91.0 93.8 1.0 98.0 0.9 91.3 1.0 98.4 0.9 98.7 0.9 
l.lE-04 88.0 87.6 1.0 94.6 0.9 91.0 1.0 92.4 1.0 98.4 0.9 
1.3E-04 82.2 86.0 1.0 91.0 0.9 75.8 1.1 91.3 0.9 96.5 0.9 
1.9E-04 75.4 79.5 0.9 79.3 1.0 77.0 1.0 79.9 0.9 88.3 0.9 
2.7E-04 57.4 61.9 0.9 66.9 0.9 65.4 0.9 68.7 0.8 70.6 0.8 
3.4E-04 44.5 49.7 0.9 62.2 0.7 64.1 0.7 35.9 1.2 49.6 0.9 
4.0E-04 41.4 43.4 1.0 54.2 0.8 56.7 0.7 45.6 0.9 49.7 0.8 
4.SE-04 33.2 38.3 0.9 47.7 0.7 30.3 1.1 37.3 0.9 38.4 0.9 
S.3E-04 33.4 37.1 0.9 45.1 0.7 34.6 1.0 40.4 0.8 25.4 1.3 
6.1E-04 31.7 31.8 1.0 44.6 0.7 26.7 1.2 31.8 1.0 23.3 1.4 
6.9E-04 27.7 29.7 0.9 40.1 0.7 23.7 1.2 31.2 0.9 12.8 2.2 
S.OE-04 25.6 27.9 0.9 37.4 0.7 17.7 1.4 25.0 1.0 22.6 1.1 
S,7E-04 25.9 25.7 1.0 32.4 0,8 25.4 1.0 31.6 0.8 25,3 1.0 
l.lE-03 23.0 23.7 1.0 26.7 0.9 19.7 1.2 24.2 1,0 20,6 1.1 
1.3E-03 22,1 18.4 1.2 29.5 0.7 18.8 1.2 28.6 0.8 14.4 1.5 
1.6E-03 20,0 17.0 1.2 21.2 0.9 18.8 1.1 17.3 1.2 9,6 2.1 
Average 1.0 0.8 1.0 0.9 1.1 
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In general, the largest deviations appear at the very low HA concentrations. Montmorillonite and 
kaolinite systems appear to have the most inconsistencies. For three of the montmorillonite systems; 
europium, cadmium and caesium, the presence of trace metal reduces the HA sorption significantly, 
while for nickel and iron, the presence of metal enhances the HA sorption by more than a fuctor of 2. 
The data for kaolinite with europium, iron and caesium are more or less unaffected by the presence of 
trace metal. But for nickel and cadmium, sorption is enhanced in the ternary system and like 
montmorillonite by more than a factor of 2 for nickel. 
Goethite provides the most consistent data. For all the metals studied, an average ratio close to one is 
achieved until the HA concentration at which monolayer coverage is attained. Above this 
concentration the HA distribution is enhanced for the nickel system, remains unchanged for the 
europium and cadmium systems and reduced for the caesium system. The data suggest that the trace , 
metal affects the HA sorption onto the goethite to a lesser extent, compared with the systems of 
montmorillonite and kaolinite. As stated, the nickel results do suggest slight enhanced sorption in the 
ternary system but not to the same degree as that shown for montmorillonite and kaolinite and only 
once monolayer coverage of HA has been achieved. 
A variety of investigations have reported similar results for both enhanced sorption of HA onto 
minerals in the presence of trace metal and reduced sorption of HA [99][100]. The reason for 
enhanced humic sorption by trace metal has been explained by polyvalent cation bridges being the 
favoured binding mechanism between the humic and mineral surfuce [10 1][ I 02]. This hypothesis can 
be supported by the fuct that no sorption enhancement in the ternary system is demonstrated for 
goethite, other than the nickel containing systems. Another strong consistency in the data presented 
here is the apparent HA sorption increase for divalent metal ions onto the clays, particularly for 
nickel. Other investigators have also noted the case of nickel, explaining that Ni2+ acts as an 
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intermediary between the HA molecule and the deprotonated hydroxyl functional groups on the 
goethite or clay surface, or Ni'" complexation with the HA negative functional groups thereby 
decreasing the charge density of the HA molecules. 
Many studies have investigated the effects of metal ion complexation on the observed fluorescence 
decay of natural organic matter such as HA. Although the mechanism of fluorescence quenching is 
poorly understood, it still has shown that different metals effect the quenching in different ways, and 
can be used to determine the binding constants for metal ions. Since florescence intensity is directly 
related to the molecular make up of the sample under consideration, from these types of experiments 
it has been shown that different metals effect the HA structure quite differently once coordinated 
[103][104] 
1.3.4.3 Metal HA Correlations within Ternary System 
To establish whether a correlation exists between the HA surface coverage and the sorption of metal 
at varying HA concentrations, it is interesting to compare the metal and HA distribution in the ternary 
system. Where the stability constant between the metal and HA is high, it might be expected that the 
metal would preferentially follow the distribution of the HA To investigate this, the metal distribution 
as an Ra has been plotted against the HA distribution. An example is shown in Figure 17 for the 
europium montmorillonite HA ternary system. 
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Figure 17 MetaUHA correlation factor Europium IHA Correlation onto Montmorillonite 
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As shown in Figure 17, the slope of the straight line (also referred to herein as the metallHA 
correlation factor) through the data is given as 1.65 which means that significantly more metal is 
sorbed to the solid than might be expected than if it were to follow the HA distribution alone. The 
same trend is consistently demonstrated for all the ternary systems. The data, as shown in Table 13 to 
Table 15, clearly illustrate a ratio of metal RJ to HA RJ greater than one for all the metal mineral 
combinations. The only exceptions to this are the systems containing nickel, where the ratio of metal 
Rd to HA Rd is consistently less than one, particularly for the clay minerals. 
The second main observation taken from analysis of these data is the trend ofa significant increase in 
the metal Rd to HA Rd ratio at the higher HA concentrations and/or decreasing percentage HA sorbed, 
particularly for the cadmium, caesium, and iron ternary systems. 
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Table 13 Montmorillonite Metal % soun.1 HA % SOI#l. Correlation Factors 
Eu Ni Cd Cs Fe 
[HA]/mol % % %(HA): % % %(HA): % % %(HA): % % %(HA): % % %(HA): 
dm-3 HAoound EUbound %(Eu) HAbound Nibound %(Ni) HAbound Cdbound %(Cd) HAoound CSbound %(Cs) HAbound Feoound %(Fe) 
2.7E-OS 33.6 84.0 2.5 99.0 59.8 0.6 87.4 70.8 0.8 17.9 63.9 3.6 100.4 99.4 1.0 
S.3E-OS 43.2 65.3 1.5 85.4 61.2 0.7 52.3 63.7 1.2 32.4 63.5 2.0 89.4 97.7 1 .1 
B.OE-OS 42.5 56.6 1.3 78.7 62.9 0.8 40.2 63.7 1.6 35.6 62.8 1.8 79.7 97.1 1.2 
l.lE-04 37.2 44.5 1.2 70.3 63.1 0.9 37.4 63.0 1.7 34.3 62.8 1.8 70.7 95.2 1.3 
1.3E-04 33.9 40.8 1.2 63.3 61.0 1.0 30.7 62.5 2.0 32.1 62.9 2.0 64.8 94.0 1.5 
1.9E-04 27.8 31.8 1 .1 54.9 53.8 1.0 23.3 60.2 2.6 31.2 67.0 2.1 56.9 91.2 1.6 
2.7E-04 24.1 28.2 1.2 47.5 46.9 1.0 19.2 59.2 3.1 27.7 66.9 2.4 46.2 87.4 1.9 
3.4E-04 22.8 21.5 0.9 38.1 35.5 0.9 13.6 58.6 4.3 28.6 67.2 2.3 33.0 83.3 2.5 
4.0E-04 19.0 20.8 1 .1 36.1 25.8 0.7 12.1 58.0 4.8 26.7 64.3 2.4 38.2 79.9 2.1 
4.SE-04 20.7 23.0 1 .1 35.8 27.3 0.8 8.6 57.1 6.7 23.0 55.8 2.4 49.7 78.0 1.6 
5.3E-04 17.1 17.8 1.0 31.9 23.6 0.7 7.5 56.6 7.6 20.0 59.9 3.0 49.8 75.3 1.5 
6.1E-04 16.2 19.3 1.2 32.0 26.0 0.8 5.6 55.5 10.0 18.3 58.8 3.2 25.8 74.5 2.9 
6.9E-04 14.4 13.2 0.9 32.6 19.7 0.6 7.9 51.6 6.6 20.5 57.7 2.8 25.4 71.6 2.8 
S.OE-04 14.1 13.5 1.0 25.4 24.9 1.0 5.4 51.2 9.6 17.6 58.2 3.3 24.7 72.9 3.0 
S.7E-04 11.3 15.4 1.4 25.1 7.5 0.3 8.1 50.9 6.3 13.5 46.7 3.5 24.3 70.1 2.9 
l.lE-03 12.0 14.7 1.2 26.1 7.9 0.3 4.0 47.7 11.9 13.8 48.4 3.5 17.5 66.9 3.8 
1.3E-03 10.7 11.2 1.0 24.5 6.7 0.3 5.0 47.8 9.5 9.7 60.4 6.2 16.6 60.8 3.7 
1.6E-03 9.4 12.4 1.3 23.4 12.3 0.5 6.8 47.0 6.9 9.4 45.9 4.9 15.0 73.3 4.9 
vIIClt-'UClI ........ 111 .... ,",," Ig" ................ 1 - ~ _~_ ••. _ 
Table 14 Kaolinite Metal RJ HA Rd Correlation Factors 
Eu Ni Cd Cs Fe 
[HAJ/mol % % %(HA): % % %(HA): % % %(HA):% % % %(HA): % % %(HA): 
dm-3 Hl\ound EUbound %(Eu) HAcound Ni bound %(NI) HAcound Cd bound (Cd) Hl\ound CSbound %(Cs) HAcound Febound O/O(Fe) 
2.7E-OS 39.1 95.7 2.4 96.3 35.6 0.4 71.8 79.9 1.1 16.6 96.6 5.8 29.0 98.5 3.4 
S.3E-OS 45.9 84.5 1.8 83.4 45.3 0.5 42.7 70,6 1.7 39.7 96,6 2.4 55,5 97,5 1.8 
B.OE-OS 39.9 65,9 1,7 76,9 47,2 ' 0,6 47.2 64,1 1.4 46,0 96,6 2,1 52,4 95.4 1.8 
1.1E-04 40,5 57,4 1.4 67,2 43,7 0.7 47,9 63,6 1.3 42.6 96,8 2.3 47,1 91,6 1,9 
1.3E-04 33.6 44,7 1,3 56,0 34,5 0.6 42,7 48,5 1.1 39,6 96,8 2,4 42,9 86.5 2,0 
1.9E-04 27,6 40,9 1,5 46,0 30,3 0,7 46.4 43,8 0.9 35,1 96,8 2.8 35,3 79,5 2.3 
2.7E-04 21,3 33,0 1,6 37,0 20,7 0,6 48.4 42,3 0,9 29,8 96.8 3,2 29,3 68,9 2.4 
3.4E-04 20.4 27,9 1.4 49,6 17,0 0,3 38,1 43.4 1,1 22,1 97,0 4.4 23,1 59,8 2,6 
4.0E-04 16.0 21,3 1,3 30,2 14,6 0.5 22,6 25,7 1.1 24,0 96,8 4,0 19,3 58.5 3,0 
4.SE-04 16,6 21,9 1.3 29,2 14,1 0.5 27.1 23.4 0,9 20.2 96,6 4,8 12,0 56,0 4.7 
S.3E-04 13.3 23,1 1,7 25,0 9.2 0.4 18,4 22,3 1,2 16,0 96,5 6,0 10,9 58,0 5,3 
6.1E-04 12,8 16,1 1,3 23,3 18,9 0,8 22,0 26,0 1.2 18,0 96,6 5,4 9,7 64,0 6,6 
6.9E-04 11,6 15,3 1,3 23,9 7,0 0,3 18,9 20,3 1,1 15,1 96,5 6,4 13,0 46,1 3.6 
S.OE-04 9.9 13,1 1,3 20,7 14.7 0,7 14.8 25,2 1.7 11.4 96.4 8,4 9,5 44,6 4.7 
8.7E-04 9,3 14,7 1,6 19,7 <1 0,1 15,7 23,9 1.5 8.4 96,3 11.5 11,5 43,4 3.8 
l.lE-03 8,8 13,6 1,5 22,6 <1 0,0 8,2 7,7 0,9 9,7 96,0 9,9 6,7 40,7 6.1 
1.3E-03 6,5 13,3 2,0 19,6 <1 0,1 9,5 20.4 2,2 8,3 96,5 11,6 2,3 37,7 16.4 
1.6E-03 5,5 15,5 2,8 17.4 <1 0,1 4,3 20,9 4,9 3,6 96,1 26,9 3.4 57,5 16,9 
Table 15 Goethite Metal RJ HA Rd Correlation Factors 
Eu NI Cd Cs Fe 
[HA1/mol % % %(HA): % % %(HA): % % %(HA): % % %(HA): % % %(HA): 
dm-3 HAbound EUbound %(Eu) HAbound Nibound %(Ni) HAbound Cd bound %(Cd) HAbound Cs bound %(Cs) HAbound Febound %(Fe) 
2.7E-OS 97.1 99.6 1.0 98.8 93.3 0.9 99.7 93.7 0.9 99.6 92.3 0.9 99.7 99.3 1.0 
S.3E-OS 96.3 99.8 1.0 99.1 81.6 0.8 96.1 92.6 1.0 99.2 93.8 0.9 99.2 99.9 1.0 
8.0E-OS 93.8 99.4 1 .1 98.0 78.4 0.8 91.3 93.8 1.0 98.4 94.0 1.0 98.7 99.9 1.0 
1.1E-04 87.6 97.9 1.1 94.6 80.5 0.9 91.0 90.3 1.0 92.4 93.9 1.0 98.4 99.9 1.0 
1.3E-04 86.0 96.9 1 .1 91.0 85.3 0.9 75.8 89.0 1.2 91.3 94.8 1.0 96.5 99.3 1.0 
1.9E-04 79.5 92.2 1.2 79.3 84.3 1.1 77.0 84.5 1 .1 79.9 96.1 1.2 88.3 97.2 1 .1 
2.7E-04 61.9 78.0 1.3 66.9 83.7 1.3 65.4 82.3 1.3 68.7 94.6 1.4 70.6 88.3 1.3 
3.4E-04 49.7 68.6 1.4 62.2 75.7 1.2 64.1 77.5 1.2 35.9 93.8 2.6 49.6 78.2 1.6 
4.0E-04 43.4 65.6 1.5 54.2 57.2 1 .1 56.7 76.9 1.4 45.6 94.3 2.1 49.7 75.9 1.5 
4.BE-04 38.3 58.0 1.5 47.7 53.9 1.1 30.3 80.0 2.6 37.3 95.5 2.6 38.4 70.0 1.8 
S.3E-04 37.1 55.8 1.5 45.1 46.1 1.0 34.6 71.1 2.1 40.4 94.6 2.3 25.4 66.7 2.6 
6.1E-04 31.8 47.8 1.5 44.6 37.1 0.8 26.7 71.3 2.7 31.8 95.7 3.0 23.3 61.6 2.6 
6.9E-04 29.7 49.7 1.7 40.1 34.6 0.9 23.7 69.9 3.0 31.2 95.5 3.1 12.8 63.5 5.0 
8.0E-04 27.9 42.2 1.5 37.4 48.8 1.3 17.7 71.2 4.4 25.0 96.0 3.8 22.6 57.2 2.5 
8.7E-04 25.7 40.9 1.6 32.4 34.2 1.1 25.4 65.1 2.6 31.S 95.1 3.0 25.3 54.8 2.2 
l.lE-03 23.7 35.1 1.5 26.7 34.5 1.3 19.7 63.8 3.2 24.2 91.4 3.8 20.6 52.8 2.6 
1.3E-03 18.4 29.3 1.6 29.5 18.5 0.6 18.8 63.7 3.4 28.6 91.2 3.2 14.4 47.6 3.3 
1.6E-03 17.0 21.0 1.2 21.2 18.3 0.9 18.8 58.4 3.1 17.3 95.6 5.5 9.6 65.3 6.8 
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1.3.4.3.1 Cadmium, Iron, and Caesium 
To establish a relationship between the apparent "metal/HA correlation factor" and the extent of HA 
sorption a graph of the metaI/HA correlation factor versus the total HA sorption as a percentage of 
that available in the system has been plotted, as shown in Figure 18 From the graph it is clear that for 
the systems contammg low concentratIons of HA, (which comcidently is when the mmeral IS coated 
with the least amount of HA but also where the highest percentage of the total HA sorption occurs), 
the metaI/HA correlation factor ratio approximates to I, and thus it can be said that the metal 
distribution is following that of the HA distributions. Conversely for the high concentrations of HA, 
when the mineral is coated with the most amount HA but also where the lowest percentage of the total 
HA occurs, the metallHA correlanon fuctor mdlcates a much hIgher amount of metal sorption than if 
it were follOWing the HA distribution alone. 
Figure 18 MetallHA correlation factor versus % HA Bound for Cd2+, Fe'., and Cs + Ternary Systems 
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Several possible reasons for these observations exist Because of their negative charge, it is well 
documented that adsorbed humic substances can strongly alter the surface charge of a mineral [105]. 
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If this is the case for the examples shown here, then this hypothesis would agree with the higher 
metalfHA correlation factors when the greatest amount of HA is sorbed to the surface, i.e. a higher 
amount of HA sorbed to the mineral surfuce would result in the greatest alteration of surface charge, 
and hence a greater metallHA correlation fuctor. Another possible reason could be the suggestion that 
, 
the affmity of the metal is different for bound HA and solution phase HA If the sorption of HA 
increased its apparent stability constant I.P or Rd3) with a metal, then the distribution of the metal 
would not follow that of the HA, but indeed be biased towards the bound HA Similar results have 
been reported previously by other investigators [106][107]. 
1.3.4.3.2 Nickel & Europium 
The relationship between the apparent "metalIHA correlation factor" and the extent of HA sorption 
for the nickel and europium containing ternaty systems provides a better trend to that shown above for 
the cadmium, iron and caesium containing systems. The graph for nickel is shown below in Figure 19 
and the graph for europium in Figure 20. Both graphs demonstrate a virtually constant metaI/HA 
correlation factor (although slight scatter is apparent) across the entire HA concentration range, and 
for all the systems the metallHA correlation fuctor is approximatly one. Only the nickel kaolinite 
system exhibits an exception to the rule with metallHA correlation fuctors slightly less than one. None 
the less. from the results it is evident that for europium and nickel containing systems, the metal 
distribution closely correlates to that ofthe HA 
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Figure 19 MetallHA correlation factor versus % HA Bound for Ni" Ternary Systems 
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Figun! 20 MetallHA cOrn!lation factor versus % HA Bound for Eu (Ill) Ternary Systems 
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] .3.4.4 Inferences on metal HA mineral binary and ternary complex formation 
From the simple batch experiments performed it is not possible to determine the extent of binding 
heterogeneity, or exact sorption mechanisms in either the binary or ternary systems studied Although 
Chapter 1 Humic Binary & Ternary Sys1ems Page 84 of278 
based on the results discussed and other studies from the literature, inferences can be made about the 
most likely binary and ternary complex formation mechanisms. 
Mew/ Minera/lnleraction.~ 
A characteristic of oxides and hydroxides such as goethite and clays is relatively high cation exchange 
capacity (CEC), which is due to the dissociation of protons from -OH and -OH2 groups of the 
hydroxides, and as such un identate adsorption of metals is generally observed [108]. Cations sorbed 
to oxides and by edge faces of clays are bound directly to surface OH groups and 0 atoms (including 
O· formed by dissociation ofW from OH), which function as ligands, displacing monodentate ligands 
such as H20 from dissolved metal cations by ligand exchange and forming bridges linking the cations 
in the mineral. Ions with higher valency will exchange for those of lower valency, in the case of the 
minerals montmorillonite, kaolinite and goethite it could be W, Ae+, Ca2+, Mg2., K+ or Na+. For ions 
of the same charge, the cation with the smallest hydrated radius is strongly adsorbed because it moves 
close to the site of charge. This is supported by the Rd/ data for cadmium, nickel, and iron. 
The metal surface sorption mechanism can occur in two ways, outer sphere and inner sphere 
exchangelcomplexation. Outer-sphere surface complexation is caused by electrostatic attraction and is 
relatively weak [109]. In inner sphere complexation of the metal, a covalent bond is formed, such that 
the metal is held very closely to the mineral surface. The metal becomes part of the surface and the 
covalent bond formed via ligand exchange makes the metal surface complex more stable since the 
metal ion loses its coordinated H~ molecules. In outer sphere complexation, the solute draws close 
enough to form a coordinated arrangement, but not close enough to lose all its coordinated water 
molecules. 
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Outer sphere metal complexation or cation exchange is determined on a combination of cation 
selectivity (i.e. large cations are held more tightly than small cations), charge equivalence (high 
charge cations are held more tightly than low charge cations), and the mass action rule that anyone 
cation can replace any other if its concentration is high enough. Overall this results in cations with the 
largest ionic radii and the lowest hydration energies sorbing most strongly on the permanent charge 
sites of clay minerals and oxides. This type of mechanism is widely recognized fur caesium mineral 
interactions [110], and this can be expected to be the dominant reaction mechanism in both the binary 
and ternary caesium containing systems investigated here. 
Different mineral lattice structures will have imperfections such as broken edges or corners and steps 
from mineral dissolution etc, which can lead to sorption sites with different energies and therefore 
different mineral sorption sites will have different metal ion affinities [22]. But in general the most 
reactive sites are those located on the edge sites of the crystal structures for montrnorillonite and 
kaolinite. 
Most clay minerals possess both negative charge on mce surfaces of their crystal structure, resulting 
from isomorphic substitution in the crystal lattice, and pH dependent charge on edge surfaces 
resulting from surfuce hydroxyl groups [111]. The occurrence of inner sphere complexes with reactive 
surfilce hydroxyl groups at the edges of clay minerals is common [100]. It has been shown that for 
montrnorillonite the Al and Si ions exposed to the crystallite edges are partially hydrolyzed to silanol 
(SiOH) and aluminol (AI OH) groups at pH 6. These unsaturated edges sites are therefore much more 
reactive than the saturated basal sites [112]. 
Where permanent charge face sites exist on a crystal structure, due to isomorphic substitution, the site 
is much more prone to ion exchange or outer sphere complexation. This can be corroborated by 
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, 
evidence that at high concentration of the background electrolyte, metal exchange processes are 
suppressed and sorption onto edge sites is Iilvoured [113]. 
For goethite, edge sites are also the dominant site for metal sorption. The goethite structure is made up 
of Fe3+ ions coordinated in distorted octahedra that share edges. Where the edge hydroxyl groups 
become ionised (deprotonated), inner sphere metal complexation can take place. Since the surface 
oxygen atoms are bonded to just one Fe3+ then it gives the edge 0- atoms a higher propensity for 
cation adsorption. 
The metal complexation with a mineral can be written as shown below if it is assumed that the 
hydroxyl group (SOH) of the mineral is the main reactive functional surface group taking part in the 
complexation: 
(J) Suiface compleration to SOH sites (8= Fe, typical for goethite, and S=AI or S=Si, typical for 
monlmorillonile and kaolinile) 
SOH +M+ ~ SOM+ + H+ 
(1) Outer sphere complexation! Ion exchange to fixed charge sites 
SOH +M+ ~ SO- ·····M+ + H+ 
HA Minerallnleracti(}n.f 
The other mineral interaction mechanism to consider is that of the humic with the mineral sumce. 
The sorption process of HA onto mineral surlilces is complex and several mechanisms have been 
proposed; (i) electrostatic interaction such as hydrogen bonding/weak ion exchange where protonation 
of the mineral surface results in the surface behaving like an anion exchange resin and the ionisable 
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acid functional groups of the HA bind with the protonated surface sites, (ii) ligand exchange involving 
covalent bonding where a mineral surface hydroxyl group is displaced by a carboxyl group from the 
HA [114], and (iii) hydrophobic interaction. All these mechanisms have been discussed in detail 
previously [97][84], although the results have indicated that ligand exchange between 
carboxyl/hydroxyl functional groups of HA and oxide surfaces is the dominant interaction mechanism 
[115][88][116][117][118], especially under acidic or slightly acidic pH conditions [119]. The 
mechanism of humic sorption to mineral surfaces via ion exchange is thought to proceed by anionic 
groups of the humic (most likely the carboxylic acid groups) replacing sunace coordinated H20 or 
OH- groups on the oxide of the surface minerals [88]. Humic substances are adsorbed onto the 
minerals by AI or Si cations (montmorillonite and kaolinite) or Fe cations (goethite), which act as 
bridges between particles of negatively charged oxide and negatively charged humic. The negative 
charge on the oxide from either the isomorphous substitution cations or the high hydroxyl density 
combined with the negative charge on the humic provides electrostatic attraction to the loosely 
bonded cations allowing ion exchangelcomplexation to easily and rapidly occur between the solution 
and the surfuce [86][1 17]. 
The humic complexation with the mineral can be written as shown below if it is assumed that the 
carboxylate group of the humic (HA-COO-) and hydroxyl group (SOH) of the mineral are the reactive 
functional groups taking part in the complexation: 
(I) First Step; Protonation of the mineral surface hydroxyl 
SOH + H+ ~ SOH: 
(2) Second Step; Outer sphere complexation of carboxylate group with protonated hydroxyl group 
SOH + HA - eoo- ~ SOH; - -ooe - HA 
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(3) Third Step; Inner sphere ligand exchange 
SOH +HA-COO- ~SOOC-HA+HP 
Assuming that surfuce hydroxyl groups on the minerals play an important role in humic adsorption, 
one would expect adsorption to be limited primarily to the edges of the montmorillonite and kaolinite 
surfuce because the hydroxyl groups are concentrated there [115]. This is generally consistent with 
two previous studies showing that the edge surfuce sites make up 20"/0 of the total surfuce area of 
kaolinite and infers that humic adsorption occurs predominantly via processes associated with mineral 
surfuce hydroxyl functional groups (e.g. ligand exchange and/or electrostatic interactions) [120][ 121]. 
Possible Temary Complexes 
Fol1owing the formation mechanism of either the humic onto the mineral or the metal onto the 
mineral, depending on the system conditions it is possible that a second stage of the mechanism will 
evolve such that either a metal ion wil1 bind to the mineral bound humic to form a type B ternary 
complex or the humic will bind to the mineral bound metal to form a type A ternary complex. Of 
course it is possible that both may take place or that neither takes place. It is also important to 
consider the order of the mechanism may also include the uptake of metal-HA aqueous complexes by 
minerals [49] to from either type A or type B ternary complexes. The formation of both these ternary 
complexes depends on the ratio of the complexation strengths of metals with HA and mineral 
surfuces, and in addition depends on solution pH. 
Indicators in the data exist for both type A and type B ternary complexes along with strong evidence 
to suggest in some of the systems no ternary complex formation. 
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1.3.4.4.1 TypeA (Mineral-MetJIl-HA) Ternary Complex Formation 
Evidence for type A ternary complexes could be supported by the enhanced HA sorption due to the 
presence of trace divalent metal (i.e. Ni2+. Cd2+, and Fe2+). The enhanced HA sorption is clearly 
greatest for the nickel containing systems and for kaolinite containing systems. It is also interesting to 
note that the enhancement, whether it be small or large, consistently increases as the HA 
concentration increases (and/or as the total amount of HA bound increases). The HA sorption 
enhancement increases steadily throughout the HA concentration range or for some systems until a 
certain point, often coincidently close to the HA maximum concentration, particularly for goethite 
(i.e. when HA suffice coverage is independent of HA concentration), after which no enhancement is 
observed. Evidently a clear correlation exists between the HA adsorption enhancement and the 
amount of HA available to the system, albeit tentative. 
Combining the evidence, a possible mechanism to explain the enhanced HA sorption for the systems 
containing divalent metals would be the simple weakness of their stability constant with HA 
compared with a metal ion like Eu3+. It is possible that due to the smaller /13 for these metals the RdJ 
interaction is more important, and the suffice is able to out-compete the sorbed HA fur the trace 
metal. This combined with a possible enhanced electra-negativity of the surface due to the sOIbed HA, 
the effective RdJ interaction in the ternary system could be much greater than that measured in the 
binary system. Consequently if a greater proportion of the trace metal is bound directly to the mineral 
surfuce, it could be conceived that at a particular threshold, HA might be slightly more attracted to the 
positive charge of the metal rather than the negative suffice of the mineral, and as such fucilitate type 
A ternary complex formation. Or alternatively the bound metal could add positive charge to the 
mineral suffice which could then allow additional HA to bind to other available surface sites. For the 
case of Eu3+ containing systems, the increased negativity originating from bound HA and resulting 
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increased RaJ is not large enough to compete with the sorbed or solution phase HA, since /1, is so 
large. 
Figure 21 depicts this possible mechanism. Firstly it shows the simple case that Eu3c is mostly 
distributed between solution and bound HA. Moving across the diagram, two configurations are 
shown of the possible mechanism of divalent metal co absorption onto the mineral. First is shown 
outer sphere sorption of metal to mineral and to bound HA, and the second configuration simp Iy 
shows the metal bound to the mineral surface, which could then facilitate further adsorption of HA. It 
is important to note that the diagram shows the metal sorption via monodentate sorption, however 
bidentate sorption is possible. The last sorption reaction shown is simply HA sorption to the surface. 
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Important to the evidence for this mechanism is the fact that the enhanced HA sorption is least for the 
goethite systems and only when monolayer coverage of the surface has been achieved (i.e. at approx 
100 ppm HA), which could be explained by the fact that the apparent imparted negativity from the 
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bound HA has to neutralise a certain amount of positive charge on the goethite surface so the effect is 
lessened, compared with the montmorillonite and kaolinite that are already negatively charged and so 
no neutralization is carried out Thus the HA enhancement is observed to a greater extent and also 
across the entire HA concentration range. The difference between the montmorillonite and kaolinite 
can also easily be explained by the fuct that the extra metal sorbed onto the mineral through the extra 
negative charge from the bound HA, can be bound in the interlayer spacing in montmorillonite, which 
may restrict further complexation with HA to form a type A ternary complex. Whereas for kaolinite, it 
is more likely that all extra metal sorbed will be accessible to HA. It is also possible that there is a 
large difference in the extent of inner sphere metal sOlption between kaolinite and montmorillonite. 
Such a hypothesis would suggest that it is possible that more outer sphere complexation takes place 
onto the montmorillonite, and as such the metal remains partially hydrated which could then restrict 
further co absorption of HA. 
For the differences between the divalent metals, a simple explanation might be that once metal is 
preferentially bound to the mineral surface, its ability to attract HA to form a type A ternary complex 
will depend on its stability constant., {l3. This would explain the apparent large HA sorption 
enhancement with the nickel containing systems since the nickel HA stability constant is orders of 
magnitude higher than that of cadmium and iron. Another considerntion to support this observation 
might also be the possibility of certain stereoselectivity criteria surrounding the geometric ability of 
divalent metals to form type A ternary complexes. 
Figure 22 shows example metal configurntions of monovalent., and divalent metal sorption 
stereochemistry. Applicable to caesium, the fist sorption species represents a monovalent sorbing 
metal, ion, which due to valency constraints can not facilitate further co-adsorption of HA. The second 
sorbing species represents bidentate sorption of a divalent metal to both the minernl surface and the 
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carboxylic group of HA. The coordination of the divalent metal is depicted as having square planar 
geometry. 
The diagram is overall attempting to explain that although these coordination species are merely 
examples of possible stereo selectivity surrounding the different metals used for the binary and 
ternary experiments, steric constraints related to the valency of the metal could exist, and therefore be 
considered as possible causes for the observed enhanced HA sorption in the divalent metal containing 
ternary systems. 
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To try and validate both these hypotheses, an investigation of spectroscopic studies in the literature 
involving metal sorption to mineral surfaces has been made. Much work involving europium onto 
clays and clay minerals exists. It has been suggested that both monodentate species of Eu onto 
aluminol clay edges (=A10HEu'" or =A10HEu3",) and bidentate species such as (=A10H)2Eu3+ or 
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(=AlO)~U3+) are possible [124]. For goethite, surface species have also included monodentate such as 
(=FeOHEu'+ or=FeOEu(OH)z) [122]. 
A laser induced spectroscopy (LJF) and X-ray photoelectron spectroscopy (XPS) study revealed that 3 
sorption sites exist for europium sorption onto montmorillonite at pH 6 [123]; exchange sites located 
in the interlayer spaces of the clay, silanol edge sites and aluminol edge sites. The europium was 
found to sorb via cation exchange sites as an outer-sphere complex and onto both a1uminol and silanol 
edge sites as inner-sphere surface complexes, depending on the pH and the ionic strength of the 
suspension. Another study likewise reported both outer sphere and inner sphere complexation of Eu 
onto kaolinite and montmorillonite using time resolved laser fluorescence spectroscopy (TRLFS). 
Here a unique inner sphere complex linked to the aluminol sites in both clays was also assumed to be 
likely (AlOEu2+). Also like the previous study a second exchangeable outer sphere complex for edge 
sites of montrnorillonite was identified, probably in the interlayer rel,>ion [124]. Also similarly, 
comparison with reference oxide samples suggested that inner sphere complexes on clay surfaces are 
mainly bound to an a1uminol site. It has been reported elsewhere that the silanol sites are only 
involved at alkaline pH when the aluminol sites are saturated [125] and so for the experimental 
conditions used here, for trace europium concentration with a high solid to solution ratio at pH 6, 
metal sorption onto silanol sites of montrnorillonite and kaolinite are highly unlikely. Another 
important TRLFS study investigated the sorption of europium onto smectite and kaolinite in the trace 
concentration range [126]. This study revealed that inner sphere complex formation starts at lower pH 
for kaolinite compared with smectite. The results suggested that at pH 6, 25 % of a trace level of 
europium would be complexed to the smectite as inner sphere complexation, compared with almost 
70% for kaolinite. 
Chapter 1 Humic Binary & Ternary Systems Page 94 of 278 
Overall the spectroscopic evidence appears to suggest that both outer sphere and inner sphere 
complexes of Eu3+ to the mineral surfaces are possible. Apparent differences are seen between the 
extents of these between the different mineral structures. The significance of outer sphere sorption 
could be of particular importance for explaining why Eulr does not fucilitate HA enhancement, either 
through type A ternary complex fonnation or by significantly affecting the surface charge of the 
mineral to attract a greater amount of HA. 
Similarly for the divalent metals studied, a plethora of spectroscopic studies exist in the literature 
which have attempted to elucidate specific sorption mechanisms. For cadmium mineral interactions, 
cadmium binding to mineral surfaces such as iron (hydroxyl)oxides by formation of inner sphere 
complexes through hydroxyl groups of the mineral surface have been reported [127][20]. Collins et aI 
suggested that Cd2+ is inner-spherically bound by bidentate double-corner-sharing adsorption on the 
surface of goethite [128]. It has also been shown that Cd2+ displays a stronger affinity for bidentate 
complexation on the edge of the goethite, and is the dominant complex at low cadmium 
concentrations [129]. Contrary to this, Cd2+ has also been shown to exhibit outer sphere complexation 
onto goethite. Randall et al using a combination of attenuated total reflectance with fourier transform 
infra red spectroscopy (ATR-FTIR) speculated that at pH 6, outer sphere purely electrostatic cadmium 
goethite complexes would be dominant [130]. Randall et al found that cadmium adsorbs to goethite 
by the formation of bidentate surface complexes at corner sharing sites on the predominant (110) 
crystallographic surface with no evidence for significant cadmium adsorption to goethite at the 
supposedly more reactive edge sharing sites. This was put down to the fuet that edge sharing sites are 
only available on the (021) crystallographic surface, which comprises just ~2% of the total mineral 
surface area. Fo~ kaolinite, Srivastaval et al [131] suggested cadmium sorption occurs on two kinds of 
bidentate sites. One site involves electrostatic attraction between Cd2+ ions and the permanent 
negatively charged sites on kaolinite, while at the other site, inner-sphere complexes form at the 
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variably charged surface hydroxyl (SOH) groups situated at the crystal edges and the aluminol fuce 
[131], and this has also been reported by others [132][133][134][135]. As reported for Eu3+, for 
montmorillonite, an EXAFS study suggested that Cd(Tl) coordinates with oxygen atoms, to give 
monomer complexes or CdO species, either on the mineral surface and/or in the interlayer of 
montmorillonite [136]. This evidence of monodentate sorption could also explain the lack of 
enhanced HA adsorption in the cadmium montmorillonite ternary system, the only divalent metal 
containing ternary system that did not display HA enhancement It is also important to note that for 
all the literature reviewed, there is no support for cadmium sorption to goethite, kaolinite or 
montmorillonite via the formation of an ordered precipitate was made. 
Spectroscopic studies investigating cadmium sorption to minerals in the presence of competing 
ligands also exist Collins et al observed that Cd'" appears to form a precipitate on the goethite surface 
in the pres~ce of citrate and oxalate ligands, and that the enhancement of Cd~ adsorption in the 
presence of sulfute and phosphate is solely by electrostatic interaction, implying that the ligands sorb 
to sites other than those occupied by CdH Importantly, no ternary complexes were observed in the 
presence of these 2 inorganic ligands. A similar effect was demonstrated by Zhang et al [137], who 
interpreted cadmium sorption onto kaolinite in the presence of sulfute by outersphere and innersphere 
monodentate complexes. Again, the surfuce sites included silanol and aluminol groups. The effect of 
the sulfute was explained by the surface behaving more like a chelating ion-exchanger for cadmium 
such that the sorption as inner sphere complexes created additional positive charge and resulted in 
more fuvourable conditions for sulphate adsorption. This is similar to the proposed reaction 
mechanism used to describe the divalent metal containing systems where HA sorption enhancement 
was observed. 
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For nickel containing systems, most mechanistic studies are limited to simply nickel mineral binary 
investigations. Based on speciation calculations made herein it is expected that the nickel ion is 
absorbed onto the mineral surface as the Ni2+(aq) ion, which has been supported by a similar research 
publication [138]. Koppelrnan et al investigated nickel sorption onto clay minerals (chlorite, illite, and 
kaolinite). Using XPS (x-ray photoelectron spectroscopy) he suggested that nickel is probably bound 
as the aquo ion (139]. However Mustafu et al reported that whilst the Ni2+ was the dominant species in 
solution, NiOW is the preferentially adsorbed species onto FeOOH at pH 7, and that both mono and 
bidentate complexes may be formed with the iron/manganese/aluminium containing oxides. Mustafa 
et al also concluded that most soils have an extremely high affinity for nickel and that once sorbed, 
nickel is difficult to desorb, indicative of strong covalent bond furmation (i.e. inner sphere). A 
polarized EXAFS study of nickel sorption onto montrnorillonite supported these fmdings by revealing 
the formation of nickel inner sphere mononuclear surface complexes located at the edges of the 
montrnorillonite structure [140]. It was reported that at low metal concentration, specific sorption to 
surfuce hydroxyl (AI-OH or Si-OH) sites on montmorillonite can occur and based on the assumption 
that sorption to planar sites is blocked as a result of high ionic strength (0.1 M), only the lateral 
surfuces are considered and thus at pH 6, it can be assumed that nickel is bonded to two Al atoms. 
This assumption seems plausible as it was also reported elsewhere [141] that at high ionic strength the 
nickel sorption to planar sites (i.e. outer sphere sorption) to montrnorillonite was suppressed due to 
high concentration of Na ions that can compete with Ni ions fur planar sites. The sorption of nickel as 
inner sphere complexes to the Al or Si surfuce hydroxyl groups also correlates well with sorption 
results onto montmorillonite presented by Baeyens et al [22]. Here it was suggested that nickel uptake 
occurs on at least two types of pH-dependent sites. It was also said that where nickel concentration 
was relatively low, the sorption was high and linear and occurred on a relatively small number of sites 
with a high bonding affinity. It is likely that these high bonding affinity sites described by 8aeyens 
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are also the same sites located on the edge sites of crystals to fucilitate nickel inner sphere 
mononuclear surfuce complexes as described by Schlegal et al [142]. For goethite, EXAFS 
spectroscopy has similarly demonstrated that nickel may absorb to goethite via inner sphere surface 
complexes by replacing the Fe3+ in the goethite structure [143]. 
Analogous to the discussions involving inner sphere complexation of nickel to mineral surfuces; many 
spectroscopic studies also infer the presence of precipitates upon nickel uptake onto all the clay 
minerals under study. Eick et al [144] studied the sorption of nickel onto kaolinite. He found based on 
EXAFS results and crystallographic considerations that nickel formed a bidenate binuclear complex 
on kaolinite followed by nucleation and the precipitation of a Ni(OH)2 solid phase. Eick et al also 
concluded from nickel kinetic experiments onto kaolinite that two sorption processes occurred. Based 
on previous spectroscopic studies, a fust reaction was attributed to chemisorption, whereas a second 
slow reaction was attributed to nucleation and surfuce precipitation of a Ni-AI layered double-
hydroxide (LDH) [145]. Reports of the formation of a Ni-A! LDH phases when studying nickel 
sorption onto aluminium containing minerals are numerous. Another recent EXAFS study has shown 
that surface precipitation is an important sorption mechanism for several of the first row transition 
metals like Ni, Co or Zn on clay minerals and A! containing oxides under ambient soil conditions 
[141]" It seems that even in the presence of humic acid the stabilization of nickel precipitates at the 
mineral water interfuce can be significant enough to affect the overall reaction pathway or sorption 
mechanism. Nachtegaal et al found that at pH 7.5, using EXAFS analysis, a Ni-AI LDH precipitate 
phase was formed at the kaolinite surfuce in the presence of a I wt % HA coating, however with 5 wt 
% HA coated at the kaolinite sUrfuce, the formation of a surface precipitate was slowed significantly, 
and the resulting precipitate formed was more similar in structure to Ni(OHMs) [146]. Goethite 
EXAFS spectroscopy has also demonstrated that nickel may absorb via formation of surfuce 
precipitates as well as inner sphere complexes [147]. 
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Overall it seems clear from the literature that metal (oxyhydro)oxides or alumino silicates undergoe 
dissolution, resulting in local supersaturation of components from dissolving solid, followed by re-
precipitation of a phase which can incorporate divalent trace metals in the octahedral sites [148]. The 
evidence seems to suggest that both adsorption and surface precipitation are important mechanisms in 
the overall nickel uptake in a clay mineral, and as such should both be considered when modelling 
nickel sorption in similar systems [149]. Based on the spectroscopic evidence summarised here it is 
unclear how each metal can bond to the surface, particularly with regard to the exact geometry of the 
metal environment It has been inferred in the literature that type A ternary complexation involving 
divalent metal ions is common [150]. The literature also seems to support the theory that the addition 
of divalent cations can either enhance the mineral surface's ability to absorb humic or facilitate the 
exposure of hydrophobic binding sites on humic substances [151]. The contribution of outer sphere 
Eu3~-mineral interactions can explain the lack of HA enhancement in a ternary system particularly 
with regard to montmoril1onite and so would be consistent ith the proposition that type A ternary 
complexation does not take place. Much of the data for Eu3+ also reported monodentate sorption of 
the metal to the mineral surface whereas for the divalent metals, work was more focussed on bidentate 
absorption. This could be related to the theory discussed earlier involving the stereoselectivity of 
divalent metal ions and their geometric ability to possibly facilitate type A ternary complexes. The 
obvious anomaly between the nickel containing systems where HA enhancement was observed could 
also be closely related to possible surface precipitation reactions, although without further 
spectroscopic investigation, it is difficult to postulate. 
1.3.4.4.2 Type B (Mineral-HA-Metal) Ternary Complex Formation 
Evidence for type B ternary complexes is much less evident in the data for all the ternary systems 
studied, not because it does not exist, but because it is difficult to distinguish between enhanced metal 
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sorption onto a charge altered mineral surface due to HA absorption or whether the metal has 
absorbed directly to the mineral bound HA. 
For many of the ternary systems studied, a large enhancement of metal sorption in the presence of HA 
was observed. These systems can be divided into two distinct groups, those whose enhancement is 
observed only at the very low HA concentrations (nickel and iron montmorillonite, europium and 
cadmium kaolinite, and all the goethite systems bar caesium) and those whose enhancement remains 
relatively constant across the HA concentration range (cadmium montmorillonite and all caesium 
containing systems). 
The first group are the most complicated as some of these have already been discussed as potentially 
facilitating type A ternary complexes based on HA sorption enhancement criteria. For this group the 
enhanced metal sorption could be explained as a direct result of the metal following the HA 
distribution and thus forming type B ternary complexes. The main indicator for this mechanism is the 
fact that the enhancement is only observed at the very low HA concentrations, and since at the low 
HA concentrations, a greater proportion of the total HA in the system is bound, so thus is the metal. 
For the higher HA concentrations, a greater amount of HA remains in solution and therefore so does 
metal. Of course it is possible that the small addition of HA bound to mineral alters the surfuce charge 
potential which then attracts a greater amount of metal to other mineral sites. However for some of the 
systems, particularly those of goethite the enhancement is so great it is difficult to conceive that the 
additional metal sorbed is all bound to the mineral and much more likely that the additional sorption 
sites are those located on the sorbed HA. The second group that exhibit continuous metal 
enhancement due to the presence of HA are those that are known to be electrostatic in nature. This can 
be postulated since the apparent enhancement is constant across the HA concentration range. For 
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these, although outersphere loose electrostatic coordination of the metal to the negative charge of the 
sorbed HA is possible, no complexation takes place and thus this is not type B ternary complexation. 
Whether the observed enhancement is by electrostatic or inner sphere complexation, it is clear that 
when humic is added to a surface the humic acid contributes to the net negative charge of the 
montmorillonite and kaolinite and adds negative charge to the goethite solid surface. Thus it would be 
expected that addition of humic in the presence of metal would increase metal sorption. 
In the literature metal-organic co adsorption have been interpreted with type B complexes. Pb(U}-
EDT A and Cd(II)-citrate complexes have both been shown to sorb via outer sphere complexation 
[152][153]. Previously both a combination of type A and type B complexes have also been used to 
describe the sorption data ofCu(lI)-glyphosate [154] and Cu(ll}-glutamine [155] onto goethite. 
1.3.4.4.3 Where No Ternary Complex FOTl1Ultion Exists 
The infenince of where no ternary complexation exists is the easiest to make from the data. Already 
mentioned, the case of caesium complexationlassociation is particularly interesting, because Cs + has 
demonstrated rather consistent metal sorption enhancement across the entire HA concentration range 
which was attributed to outersphere electrostatic attractions. However the literature does suggest that 
caesium has been shown to sorb readily as inner-sphere complexes on the surfaces of silica gel and 
many common soil minerals, including illite, kaolinite, and boehmite [156]. In the same study, 
caesium's weaker interaction with dissolved organic matter such as humic acids was explained by the 
occurrence of relatively isolated carboxylic and phenolic groups on the dissolved organic matter 
compared to densely packed structural oxygens and hydroxyl groups on the mineral surfaces. Based 
. on this if caesium were to sorb to the mineral surfaces under investigation here, it is likely it would 
prefer the edge aluminol site for kaolinite and montrnorillonite, which has been reported elsewhere 
----------------- - - -- - - - -
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[157]. Since caesium is monovalent, once sorbed, further coordination to HA via inner sphere 
complexation is unlikely, and therefore type A or iype B ternary complexation is unfavourable. It has 
been reported previously that metal organic co-adsorption can proceed without the formation of 
ternary surface complexes, such as in the case of Cd(ll)-phosphate on goethite [128]. In this example 
excess positive and negative charges are thought to be neutralised by the simultaneous adsorption of 
cations and anions on different surface sites. 
Another major observation for the ternary caesium data is the difference between the metal Rd values 
for kaolinite and goethite with those of montmorillonite. As expected of caesium, due to the 
electrostatic nature of its interactions, the metal sorption data are fairly constant across the HA 
concentration range but the data for kaolinite and goethite are between 12 and 18 times larger than 
montmoril\onite, refer to Table 16. 
Table 16 Caesium Anomalies 
[HA) Cs Rd units of ~q"dm' Ratio of HA Rd (Binary):HA Rd ( 
(moldm~ Montmorillonite Kaolinite Goethite Montmorillonite Kaolinite Goethite 
2.65E-05 354 5643 2407 5.2 4.6 0.1 
5.3OE-05 348 5749 3030 2.5 1.3 0.2 
7.95E-05 337 5657 3151 1.8 0.9 0.2 
1.06E-04 337 6039 3104 1.4 0.8 0.6 
1.33E-04 339 6039 3643 1.2 0.7 0.4 
1.86E-04 406 6044 4942 1.0 0.7 0.8 
2.65E-04 405 5994 3521 0.9 0.6 0.6 
3.45E-04 410 6442 3037 0.7 0.8 1.4 
3.98E-04 360 6082 3281 0.8 0.6 0.8 
4.77E-04 252 5695 4280 0.9 0.7 0.8 
5.30E-04 298 5476 3513 0.9 0.8 0.7 
6.10E-04 286 5619 4493 1.0 0.6 1.0 
6.89E-04 273 5546 4238 0.8 0.7 0.8 
7.95E-04 278 5295 4764 0.9 0.9 1.0 
8.75E-04 176 5167 3923 1.1 1.2 0.8 
1.06E-03 187 4794 2127 1.0 0.9 0.9 
1.33E-03 306 548{ 4448 1.2 0.9 0.7 
1.59E-03 170 4872 3268 1.2 1.7 1.3 
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These data can be explained purely by electrostatic enhancement of caesium binding onto kaolinite 
and goethite (possibly via type B formation, although association is expected rather than 
complexation) as a result of the greater negative charge at the surfuce due to sorbed HA. This is 
shown in Table 16, where the ratios of HA R.u in the binary to the HA R.u in the ternary are less or 
close to one for kaolinite and goethite (such that HA in the ternary is enhanced or equivalent to the 
binary HA), whereas for rnontmorillonite the presence of caesium reduces the HA sorption to the 
mineral and therefore the mineral is overall less negative. In this scenario it would be expected that 
the caesium montrnorillonite interaction be considerably greater than that of caesium onto kaolinite or 
goethite. This is evident from the lYJ data for caesium being 191, 14, and 54 dm3 kg-l for 
montrnorillonite, kaolinite and goethite respectively. From this evidence it can be infened that for the 
case of caesium HA rnontrnorillonite that the formation of a ternary complex, even through 
electrostatic association is unlikely. 
Little ternary complexation is thought to exist for systems where metal sorption is much reduced. For 
europium and cadmium containing systems metal sorption is much reduced onto montrnorillonite in 
the presence of HA compared with identical systems for kaolinite and goethite. The cadmium is likely 
to be similar to caesium since the metal enhancement is electrostatic in nature and so type B 
association is plausible but no ternary complexation is expected. For europium, the spectroscopic 
evidence suggests predominantly monovalent complexation onto three sorption sites, including 
outersphere sorption in the interlayer region. If this sorption were the dominant reaction, ternary 
complexation would be insignificant 
Notable in all these observations is the unique case for montrnorillonite. Investigators who have found 
similar findings previously have sometimes tried to explain it with reasoning based on the kinetics of 
sorption into the different lattice structures. If certain metal mineral interactions are affected by 
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kinetics, then it can be also assumed that order of addition might be important. Although not within 
the remit of work under discussion here, the importance of the order of addition has been taken as 
negligible, based on work carned out previously at Loughborough [17], and combined with the fact 
that all experiments are assumed to have reached equilibrium and that sorption of both metal and HA 
is reversible. It has, however been suggested in the literature that order of addition can significantly 
affect the metal sorption results in a ternary system [102]. Such a fuet would require that the sorption 
of either the metal or HA is irreversible or slow compare to the time frame of the observation. Such a 
scenario would be able to account for the reduced metal sorption onto montmorillonite due to its 2: I 
lattice structure, if the metal was added to the mineral before the HA was introduced, based on the 
assumption that the metal was irreversibly bound. This however cannot account for the reduced metal 
sorption in the montmorillonite ternary system data presented here, as the minerals were all pre-
equilibrated with HA prior to trace metal introduction and therefore this scenario can be eliminated 
from these investigations. 
A more likely explanation is the fuct that the RdJ for Eu, Cd., and Cs is highest for montmorillonite. 
This has already been discussed in Section 1.3.3.1, and attributed to montmorillonite's high cation 
exchange capacity, lower point of zero charge at pH 6, so there is less protonation of surface sites, and 
its relatively high surface area., which takes into consideration internal sorption sites due to the 2: I 
lattice. This combined with the fuct that for europium, cadmium, and caesium, the HA distribution in 
the ternary is reduced by the presence of trace metal suggests that the ~J interaction is the dominant 
mechanism of metal sorption in the presence of HA and that ternary complex formation of any type is 
practically negligible. 
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t .3.4.5 Summary 
Ternary surface complexation, which can be viewed as the co-adwrption of metal cations and organic 
molecules (in this case humic acid) onto the same mineral surface site has been shown to dramatically 
enhance both metal cation and organic molecule adsorption under certain pH conditions. 
From all the data it is clear that systems containing montmorillonite all demonstrate reduced metal 
sorption in the presence of HA, with the exception of nickeL They also demonstrate either no effect of 
metal on the HA sorption or a reduced HA SOrptiOR To explain this, inferences from the data and 
literature include a high propensity for montmorillonite at pH 6 to coordinate metal ions via 
outersphere complexation onto predominantly aluminol hydroxyl edge sites and within the interlayer 
region. The evidence of significant monodentate coordination sorption to the mineral surface 
combined with significant outersphere sorption could imply little tema!), complex formation exists. 
Systems containing divalent metals, particularly those containing nickel are able to facilitate type A 
tema!), surface complexation as well as possibly type B tema!)' complexatioR This has been 
demonstrated with the apparent HA sorption enhancement for these systems. From the literature, 
evidence seems to suggest that divalent bond coordination via strong innersphere sorption of these 
metals to the mineral surfaces is possible. This stereoselectivity combined with their weaker P3 
interactions with HA could allow type A tema!), complexation to take place. Surface precipitate 
species are also numerous in the literature even in the presence of HA and so could also be important 
for divalent surface reactions (e.g. precipitation of a Ni(OH):, solid phase) and possibly facilitate type 
A tema!)' complexation. 
Cadmium montmorillonite and all caesium containing systems exhibit electrostatic enhancement of 
metal sorption, as is illustrated by relatively continuous metal enhancement across the entire HA 
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concentration range. For these systems coordination via type A or type B complexation is unlikely, 
although association of type B is possible, but definitely not type A since no HA enhancement was 
obserVed. It is also important to note the extremely high metal enhancement observed in the caesium 
kaolinite ternary system. Here the metal sorption was consistently enhanced to between 350 and 400 
times more compared with the binary systems for caesium sorption onto goethite or montrnorillonite. 
Again this could be explained by the relative availability of the surface sites to coordinate to HA such 
that a greater proportion of the enhanced negative charge either on the surface or directly from the 
bound HA can electrostatically attract caesium, compared with montmorillonite, whose additional 
negative charge from bound HA might be located in the interlayer region and for goethite, some of the 
additional negative charge will have to carry out charge neutralisation of the positive Feft sites. 
The metallHA correlation rnctor ratios of metal Ra to HA Ra display a clear elevation for the iron, 
cadmium and caesium systems at the high HA concentrations when the largest amount of HA is 
sorbed to the surface. Where the metal sorption is greater than if it were following the HA distribution 
alone, surface charge potential changes and/or differences between bound and solution phase HA 
have been postulated as possible causes. This has been attributed to the weaker stability constants of 
metal to HA for these systems. Only at very low HA concentrations, where little HA is available to 
sorb to the mineral does the HA sowed correlate with the metal sotbed. This is thought to be because 
the amount of HA sorbed is so little that any difference caused by the sowed HA 10 the surface charge 
is not yet able to affect the Ru value significantly to enable the mineral or sorbed HA to compete for 
the trace metal. 
The metallHA correlation rnclor ratios of metal Ra to HA Ra for europium and nickel systems suggest 
a clearer relationship between the amounts of HA sorbed and the amount of metal sorbed. This has 
been attributed to the larger stability constants of metal to HA for these metals. 
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F or all the systems investigated a correlation clearly exists between the amount of metal sorbed and 
the amount of HA sorbed. regardless of whether metal sorption is predominantly electrostatic or 
covalent. Anomalies also exist between the strength of the metal HA stability constant and the ability 
of the surface to enhance metal sorption as a result of HA sorption. 
1.3.5 Modelling 
In a typical mineral HA metal ternary system. assuming dissolution of the mineral. secondary phase 
formation. metal precipitation. and organic coagulation. are all negligible. fOur subcomponent 
distributions are possible (Rm) that need to be taken into account; Q) ~ to mineral. (ll) HA to 
mineral. (Ill) ~ to HA, and (VI) MZ+HA to Mz+HA - mineral. If we call these RoJ. R.n. R.n. and R&. 
respectively. combined. a component additive approach allows determination of the overall Ro for the 
Mz+ system as equal to a weighted sum of Raj. Rd). RdJ, and Ra.: 
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Figure 23 Distribution Ratios of a Metal-HA-Mineral Ternary System 
Rd3 = (J = M'+ - HA free 
MZ+free HAfree 
e =<' =======: 
RdI = ,.".. bound 
M'+free 
Rd. = MZ+-HAbound 
MZ+-HAfree 
Rd2 = HA bound 
HA free 
Clay,uxlde 
- Mineral 
To test the additivity of the binary interactions as described above in Figure 23, two modelling 
approaches have been used. The first is the linear additive model (LAM) [34]. The second model used 
is a similar composite Rd approach called QUAD first developed and tested at Loughborough to 
predict europium sorption to montmorillonite and kaolinite in the presence of HA [17]. The main 
difference between the two composite models used is that the LAM takes into account the solid 
solution ratio, i.e. distribution ratio is in the units mol kg-I Contrary to this the QUAD input 
distribution ratios are dimensionless as they do not take into account the solid solution ratio. 
Both models have been tested by comparing the laboratory measured ternary system distribution 
ratios with those calculated using the LAM and QUAD approach using the laboratory measured 
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binary system distribution ratios of nickel, caesium, cadmium, iron and europium with three solids; (I) 
montmorillonite, (II) ·kaolinite and (Ill) a-goethite when in contact with humic acid. 
1.3.5.1 Linear Additive Model 
Using simple distribution ratio/coefficient mathematics the additivity rule allows an overall RI value 
for a metal mineral system to be derived from the individual subcomponent binary RI values. The 
LAM has been modified to take account of the presence of HA in aqueous solution [47]. The version 
discussed by Samadfum et al is shown below [34]: 
Equation 8 
R _ Rill + (V /W)fHA-P·[HA] 
dTotaJ - ( P 1 + \- hlA). .[HA] 
where u'n = meu.1 mineral distribution coefficient, dn'; kg'} 
V = volume ofsolulion in reaclion vial, dm3 
w = mass of mineral, kg 
= mole fraction of HA bound 10 mineral 
p = metal-HA aqueous stability conslant, mol dm'; 
[HA! = Total concentration of HA (bolh aqueous and bound), mol a",-; 
The LAM assumes that metal binding to both the mineral and the HA is not affected by interactions 
between mineral and HA An implicit part of this assumption is that bound HA acts similarly to 
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aqueous HA, and that phases (i.e. mineral and HA) behave independently. Like most sorption models, 
reversibility is assumed, along with independence of individual sorption coefficients of the metal ion 
concentration (i.e. sorbing phases exhibit linear isothenns over the concentration range of prediction). 
The model equation shown above is also only applicable where the mass of the mineral bound HA is 
much smaller than the mass of mineral. 
1.3.5.2 Quadratic Model 
The major limitation of using a composite Rd approach, based on macroscopic batch binary data 
gained from simple UV and radiometric data, is that without using an interdisciplinary approach 
where macroscopic batch studies are combined with spectroscopic and microscopic techniques, 
discrimination between humic bound to mineral and metal humic bound to mineral cannot be made. 
Using a simple batch experimental set-up it is only possible to measure distribution ratios for RdJ, Rd2 
and Rn or p. The distribution ratio, R.N cannot be individuaUy determined via batch experiment. To 
overcome this, the following modifications are made: 
I. Assume that the mineral surface exerts an effect on the metal even when saturated with humic 
acid such that: 
HAboond M z+ - HA 
Rd2 = = bound - R 
HA M z> -H.A - d. f~ fr« 
With these changes in place, Figure 23 can be replaced to give: 
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Figure 24 Experimentally Detennined Distribution Ratios of a Metal-HA-Mineral Ternary System 
Rd3 = {j = Mz+ - HA free 
Mz+ free . HA free 
~/======~7 ~ 
RdI = MZ+ bound 
MZ+ free Jf Rd2 = HA bound - Mz+ - HA bound HA free Mz+ - HA free 
Clay/Oxide 
- Mineral 
Using this as the basis for experimentally determining an overall ternary system Rt from the 
individual subcomponent Rd" the above additivity approach can be used to mathematically calculate 
the unknowns within a ternary system. Experimental results can provide values for RtJ, Ko and p or 
RdJ known from the binary experiments and 11, and T;, are the total concentration of metal and humic 
acid in the ternary system respectively: 
R - [HA]"""", 
,0 - [HA]..., 
a 
b 
c 
d 
e 
bd 
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Given the five equations above, the unknowns, [M'+]bou...J, [MJr,.., [HA]_ [HAlr .... [if HAlr,.. and 
[M HA)boun<l can be derived using a quadratic approach. 
Using the unknowns, a true predicted overall/(} for the total metal bound to mineral can be calculated, 
which can be compared with the experimentally determined overall /(} observed in the ternary system. 
The full derivation of this method IS proVided In Appendix B. 
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1.3.5.3 Results 
Figure 25 LAM & QUAD Results for % Eu 3+ Sorbed to Mineral in Presence of HA 
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Figure 26 LAM & QUAD Results for ".4 Ni .. Sorbed to Mineral in Presence of HA 
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Figure 27 LAM & QUAD Results for % Cd .. Sorbed to Mineral in Presence of HA 
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Figure 28 LAM & QUAD Results for % Fe ..... Sorbed to Mineral in Presence of HA 
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Figure 29 LAM & QUAD Results for % Cs + Sorbed to Mineral in Presence of HA 
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1.3.5.4 Discussion 
The results of the LAM and QUAD calculations for the ternary systems, as envisaged, vary depending 
on the metal and on the mineral. For europium clay (kaolinite and montmorillonite) containing 
systems the LAM and QUAD are in rather good agreement with the experimental data at the higher 
HA concentration range (Figure 25). Both models demonstrate a deviation from the experimental data 
at the low HA concentrations where the models tend to under predict metal sorption. This effect is 
greatest for kaolinite where the maximum deviation was an underestimation by 20"10. Contrary to this 
the LAM and QUAD are able to describe the sorption data for the europium goethite system well at 
the very low HA concentrations, but then underestimate by up to 30% at the higher HA 
concentrations. 
The europium montmorillonite and kaolinite model underpredictions might be explained by the 
additional negative charge of the mineral surface at the low HA concentrations, because these are the 
concentrations where the greatest percentage of HA is sorbed, both up to 40%. Although the europium 
HA stability constant is high, the adrutional negative charge of the surface might be increasing either 
the effective RlI, such that more metal is sorbed to the mineral than that expected based on the RlI as 
calculated in the binary system. Alternatively or in addition to this, it might also be that the attraction 
of the metal to the bound HA might be higher than that measured in solution. Both of these 
explanations would explain why the effect is greatest for kaolinite since its structure is 1: 1 compared 
to montmoriUonite' s 2:1 structure which might stereochemically inhibit ternary formation in the 
interlayer. The results of the europium goethite system support this explanation since the model 
predictions match the data at the very low HA concentration because any adrutional negative charge 
from bound HA, simply neutralises positive charge on the goethite surface, and so metal sorption is 
simply following the HA distribution. Fm this system it is likely that the same effect and mechanism 
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is demonstmted in the goethite system as shown by the clay systems but not until the positive charge 
of the surface is neutralised. This effect is also amplified for goethite due the greater amount of HA 
bound to goethite and so additivity does not exist until a large percentage of the total HA remains in 
solution, which is only at the very high HA concentmtions, which is coincidently when the model 
predictions again match the experimental data perfectly. 
The results of the nickel LAM and QUAD predictions are alSo in good agreement with the 
experimental data. More accurately and more consistently across the entire HA concentmtion, and for 
all minerals, compared with europium, the nickel model data lie exactly on the experimental data. The 
only deviations exist for the very low HA concentmtions where slight over estimation is displayed for 
kaolinite and goethite and slight underestimation for montmorillonite. 
The nickel montmorillonite underestimation at the low HA concentmtion cannot be explained by the 
same reasoning used for the europium systems. It has been demonstrated based on analysis of the HA 
enhancement in this system that type A ternary complexes are likely to exist across the entire HA 
concentmtion range and thus it is also likely that the metal enhancement is only dernonstmted at the 
low HA concentmtion range when type B predominates. Perhaps, once enough HA has sorhed onto 
the mineral, type A ternary complexes become more important and hence this is why both models 
describe the experimental data better at the higher concentmtions. 
Similarly for nickel kaolinite and nickel goethite type A ternary complexes are likely to exist and HA 
bound by metal bridging will not be as negatively charged as HA bound directly to the mineral 
surface. Thus where type A ternary complexation exists, metal enhancement caused by bound HA is 
much reduced. This would explain why the model is able to replicate the experimental data. Over 
prediction at the low HA concentmtions might be due to the nickel's stereoselectivity related to its 
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ability to bind to the mineral surfuce predominantly via bidentate sorption rather than binding to any 
bound HA (i.e. type B terruuy complexation). 
For the remaining ternary systems, containing cadmium, iron and caesium, the model results are not 
as accurate and not as consistent across the HA concentration range. For these systems the LAM and 
QUAD also exhibit a greater difference between one another. 
The systems containing cadmium or caesium with either montrnorillonite or goethite are filirly similar 
in that the LAM is able to describe the sorption data filirly well at the very low HA concentrations but 
rapidly under predicts once the HA concentration increases. The under prediction for these systems 
would appear to be related to an obvious higher contribution of sorption from electrostatic 
interactions. This can be seen with the relatively constant metal sorption across the whole HA 
concentration range for these systemS. Evidently the metal is only reduced slightly at the higher HA 
concentrations. Again these results are as expected based on the very much increased metal/HA 
correlation filctors observed in the ternary data for these systems, such that at the higher HA 
concentrations the metal sorption is much higher than if it were simply foll?wing the distribution of 
the HA. The QUAD results for these systems are also much lower than the experimental data, but 
with much greater reliance on the metal following the mineral distnbution, until a certain amount of 
HA is bound to the mineral. This can explain the curved nature of the QUAD model results at the very 
low HA concentrations and the greater underestimation compared with the LAM 
Uncharacteristically the cadmium kaolinite system modelling results resemble those of nickel and 
europium such that the metal is following the HA distribution and as such the models are able to 
rep licate the sorption trend much better. This is again as expected since the metal/HA correlation 
factors for the cadmium kaolinite data were much closer to I, with only slight metal/HA correlation 
factors at the very high HA concentrations. The difference between the kaolinite system and the 
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montmorillonite and goethite can be related to the HA enhancement observed in the kaolinite system, 
indicative of type A ternary complexation. Whereas for montmorillonite, HA enhancement is 
observed only at the lowest HA concentration and no HA enhancement is observed in the goethite 
system. From these results it would suggest that for cadmium montmorillonite and cadmium goethite, 
although HA is bound to the mineral, surfuce charge alteration of the minellll surface due to the bound 
HA is greater and can overcome the attraction of metal to the HA 
Similar to the cadmium modelling results, the caesium modelling results consistently under predict 
the sorption data across the entire HA concentration range also. These results can be related to the 
electrostatic interactions and thus additive modelling techniques are inadequate to describe the 
sorption data, since they do not take into account these interactions. The only exceptions to this are 
seen at the very low HA concentrations in the montmorillonite and goethite LAM modelling, where 
the model and experimental data match. Again these results can be related to the metallHA correlation 
factor ratios equal to I for these concentrations so additivity does exist, but once enough HA has 
sorbed to the minellll the electrostatic attraction of the caesium to the bound HA or additional 
negative charge on the mineral imparted from bound HA is too great. 
The most interesting data in the caesium systems in that of kaolinite, because for this system the 
greatest metal enhancement is observed of any of the ternary systems investigated. As shown the 
metal is bound 100"10 across the HA concentration range. This too can be attributed to electrostatic 
interactions. 
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1.3.5.5 Sensitivity Analysis of LAM and Quadratic Model 
Sensitivity analysis of both the LAM and QUAD was carried out on all the ternary systems at the 
lowest HA concentration and at the highest HA concentration. Examples are shown below for the 
systems of europium kaolinite and caesium montmorillonite. 
Table 17 Sensitivity Analysis of Eu Kaolinite HA Temal}' System LAM Modelling 
Low HA concentration FY change from High HA concentration FY change from 
X-+Y X-+Y 
R.n 24.2 X2 183.6 -+ 183.6 24.2 X2 1\.5-+11.5 
Rn 183.6 X2 183.6 -+ 367.2 12.4 X2 11.5 -+ 24.8 
Rn 1.89 x 108 X2 183.6 -+ 183.6 1.89 x 108 X2 11.5-+11.5 
Table 18 Sensitivity Analysis of Cs Montrnorillonite HA Temal}' System LAM ModeOing 
Low HA concentration FY change from High HA concentration FY change from 
X-+Y X-+Y 
R.n 191 X2 192.5 -+ 255.6 191 X2 92.2 -+ 169.1 
Rn 253 X2 183.6 -+ 198.6 25.5 X2 92.2 -+ 107.4 
Rn 9.33 x 102 X2 183.6 -+ 193.9 1.89 x 108 X2 92.2 -+ 67.2 
The LAM sensitivity analysis demonstrates the importance of the R,n (HA mineral interaction) for 
systems where the metal HA stability constant is high, such that the outcome of the LAM is directly 
proportional to the input of the R,n value. This is shown in Table 17 where for both the low HA 
concentration where Rdl is high and also for the high HA concentration where R,o is low, a doubling 
of the R,n results in a doubling of the overall Rd- It is also important to note that a similar change in 
the R,n is not important to the outcome of the overall FY. This sensitivity can be explained simply by 
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the fact that the Ro value is multiplied by the metal HA stability (jJJ) value, and therefore if this is 
large, any deviations in Ra will also have a large effect. It is also because the value of the metal 
mineral intemction is relatively small compared with the value of the stability constant of the HA 
metal interaction. 
The LAM sensitivity analysis also demonstmtes the importance of RII (metal mineml intemction) for 
systems where the metal HA stability constant is low. The outcome of the LAM is affected more by a 
change in the RII value compared with changes in either the·Ra or Rn. This is shown in Table 18 
where, for both the low HA concentmtion where Ro is high and also for the high HA concentmtion 
where Ra is low, a doubling of the RII results in the greatest variation of the ovemll RI. This 
sensitivity can be explained simply by the fact that the Ra value is muhiplied by the metal HA 
stability (jJJ) value and therefore if this is small, any deviations in the Ra will also be small. This 
results in the accumcy of the RII value being more important 
It is important to note that sensitivity analysis of the QUAD results provides the same conclusions as 
those obtained from the LAM sensitivity analysis. 
From the findings of these sensitivity analyses, for the ternary systems where the HA distribution 
differs in the binary system compared to the ternary system and where the HA metal stability 
intemction is relatively high, it would be interesting to know if when using the ternary Ra interaction 
results, a better fit of the LAM and QUAD predictions with the experimental data is obtained. Such a 
system is that of nickel kaolinite, where the HA distribution is consistently doubled throughout the 
HA concentmtion range by the presence of tmce nickel. The LAM results for this system are 
displayed below using both the binary HA distribution and the temary HA distribution as the input 
data for the Ra value. 
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Figure 30 LAM Results for Nickel Kaolinite Ternary System Using both Binary and Ternary R .. Data 
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Figure 30 illustrates the results typical of either the LAM or QUAD when the modelling is calculated 
using the real HA distribution in the ternary system compared with the binary systems. For all the 
systems where the HA distribution in the ternary system is enhanced by the presence of trace metal., 
using the ternary HA distribution input data for the model calculation results in LAM predicted 
sorption much higher than the observed data. It is also surprising that the LAM and QUAD modelling 
using the apparent inaccurate binary HA distribution R.n values produce results much closer to the 
experimental data. 
1.3.5.6 Fractionation of HA and its effect on apparent sorption to mineral surfaces 
Strong evidence exists in the literature, to suggest that depending on the nature of the mineral phases, 
different molecular weight (or size) fractions of HA are sorbed onto the mineral surfaces to a different 
extent [158][159][160][161][162]. A variety of investigations have suggested that higher molecular 
weight and more aromatic and more hydrophobic components of organics such as HA may adsorb 
preferentially to mineral surfaces [82][116][159][163][164][165][160] and that low molecular weight 
compounds such as carbohydrate and amino acid groups are weakly adsorbed [166][167]. For this 
reason, the use of UV detection has been discredited as an accurate method for measuring natural 
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organics such as HA [158][168]. It is well understood that if certain functional groups adsOlb 
preferentially to the mineral surface (aromatic groups in particular), the HA remaining in aqueous 
solution has a lower percentage of certain groups, which when measured by UV (a method based on 
detection of chromophores), can give an unrealistic measurement, not representative of the total 
number of functional groups that would have been used to construct a HA calibration graph. 
Because of the importance of acidic functional groups in ligand exchange reactions on oxide surfaces, 
it is important .to consider the chemical fractionation of HA caused by sorption [90]. It is also 
important because it has also been demonstrated by investigators that fractionation can cause 
differences in metal humic stability constants [169]: 
For many of the ternary systems investigated, both models have demonstrated significant 
underestimation and since commercially available humic acid (A1drich) has a high amount of high 
molecular weight and high aromatic groups [170) fractionation must be considered in the ternary 
systems under investigation here. To determine whether any of the results could be affected by 
fractionation, the ternary data and model results were analysed to investigate the possibility of 
fractionation. 
Firstly, the binary HA Ri1 data and HA ternary data were checked for evidence of fractionation by 
analysing the ratio of absorbance values for these data at A254 and A203 om as proposed by Pascal et 
at [158) and also the ratio of absorbance values for these data at A464 and A664 nm If they are 
similar and lead to the same KI values, then we can conclude that the adsorption of HA onto minerals 
occurs without considerable fractionation of the HA. The results suggested that although some small 
differences were noted at the very low HA concentrations in the goethite systems, this could not be 
attributed to fractionation since fur these concentrations 100"10 of the HA was bound to the goethite in 
both the binary and ternary systems. From this it was concluded that any underestimation of the LAM 
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and QUAD models to describe the sorption data was not due to fractionation. This is in agreement 
with other investigators who also suggested the LAM's failure to describe sorption data was not due 
to fractionation [100] because preferential absorption of higher molecular weight moieties would 
cause the LAM to overestimate. However it is also in disagreement with a recent study that suggested 
that low molecular weight fractions of HA were preferentially adsorbed onto hematite, which could 
account for the LAM model to under predict [158]. 
1.3.5.7 Errors 
Whilst undertaking the analysis of all the data contained herein a critical analysis of the associated 
errors has also been carried out. In an attempt to test the model and the R.J concept with as little 
interference from errors as possible, the following steps were introduced to either eradicate error or 
reduce it. 
In the experiments, all samples where prepared identically and where possible, prepared, equilibrated, 
and sampled at the same time. During the experiments, error associated with HA measurements using 
the UV spectrophotometer were reduced by determining the lowest reproducible HA concentration, 
measuring this repeatedly and then calculating the standard deviation. Using this HA concentration as 
a cut off; data were not included in the analysis below this value. The second major source of error 
from the experimental work was for the trace metal measurements. To reduce error associated with 
trace metal measurement, metal stock solutions were prepared and the amount of metal associated 
with a known weight of solution determined prior to sample preparation using its measured average 
activity and inputting this into the decay. Counting conditions for both the gamma counting and liquid 
scintillation counting were pre set to 20. For each sample set a control value (Ao) was determined 
which was thus subject to the same errors associated with the binary and ternary experimental samples 
(AE). Since each vial, both experimental and control had the same amount of trace metal (usually 0.1 
-_. 
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g) added of known metal concentrntion [M z+Jo, a simple ratio of AoIAE muhiplied by the known 
concentrntion of trnce metal allowed the determination of either the percentage sorbed (%_) or the 
distribution ratio (~). 
Equation 9 
Aa -A %Sorbed = E X 100 
Aa 
(%) 
Equation 10 
Equation 11 
Equation 12 
From using the equations above either the %00wuf or the ~ can be calculated for the metal sorption 
. data. Since the only true error associated with the radiometric measurement is 211 applicable to AE and 
Ao it is clear that a greater error is associated with representing the sorption data as an ~ compared 
with %bounJ. To illustrnte this, an example is given below where the error of a mtio and a percentage 
are calculated. 
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Table 19 Elrample Sorption Da1a for Radiomebic Measurement Error Calculation 
DPMValue DPM Error (20). DPM Max Value DPM Min Value 
Ao 5000 ± 141.42 5141.42 4858.58 
AE 1000 ±63.24 1063.24 936.76 
Using Equation 9 to Equation 12 the maximum and minimum % sorbed and Rd can be calculated for a 
typical sample containing 0.0001 M metal, where the volume of solution is 20 cm3, with a total of 0.1 
g of solid: 
Figure 31 Example Error Calculation 
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_
0._000_1 4858.58-1063.24 100 20 
x x x-
100 5141.42 0.1 
MinR.J= 
0.0001 x \063.24 x 100 
675 
100 485858 
The calculations illustrated in Figure 32 show that for the example radioactivity values, i.e. high 
sorption, the error associated with 80"/0 Soroed is plus 8.2 % and minus 7.7 %. For an R.J of 800 dm3 
kg-I, the associated error is plus 18.8 % and minus 15.7%. This can be repeated for a series of typical 
sorption data to understand the differences in errors associated with an R.J and percentage Sorbed 
value across a typical range of sorption data (from fully sorbed to all solute remaining in solution). 
The results of these calculations are shown in Figure 32 and Figure 33. 
Figure 32 Typical ElTOrs Associated with " Sorbed Data 
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_0._000_ 1 4858.58 - 1063.24 lOO 20 
x x x-
lOO 5141.42 0.1 
MinRa= 
0.0001 x 1063.24 x l00 
67S 
J 00 4858.58 
The calculations illustrated in Figure 32 show that for the example radioactivity values, i.e. high 
sorption, the error associated with 80"/6 Sorbed is plus 8.2 % and minus 7.7 %. For an Ra of 800 dm3 
kg·), the associated error is plus 18.8 % and minus IS .7%. This can be repeated for a series of typical 
sorption data to understand the differences in errors associated with an Ra and percentage Sorbed 
value across a typical range of sorption data (from fuUy sorbed to all solute remaining in solution). 
The results of these calculations are shown in Figure 32 and Figure 33. 
Figure 32 Typical Errors Associated with % SOTbed Data 
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Figure 33 Typical Errors Associated with R.t Data 
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The data represented above were calculated based on a typical solid solution ratio of 0.1 g of solid in 
20 cm3 of solution, with a typical solute concentration of 0.0001 M . Any changes made in the 
conditions do not affect the outcome of the error calculations but obviously the CPM values would be 
affected and thus the errors associated would change in accordance with the new CPM values. For 
these reasons the graphs above can not be universal for calculating the error of % Sorbed or R.J value 
based on 2 sigma error associated with the counting. 
The standard error associated with an RI measurement either through using radiometric measurement 
to calculate th.e metal RI or by 1N spectrophotometry to measure the HA RI can also be made using a 
classical combination of error method. For radiometric measurements the error associated with the 
measurement technique is equal to 2a. Using the example DPM measurements for A.J and AE shown 
in Table 19, there are three errors that need to be combined to get a total error. The first is the error 
associated with the bound solute or metal which is calculated from Ao-AE; for both values, an error of 
2a applies. The second is the error associated with the aqeous solute, AE, again, an error of 2a applies. 
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For two quantities A ± a and B ± b, the combination of A and B in a calculation requires the 
combination of associated error a and b. 
To convert [if Jbound.from mol dm,3 to mol kg'l, need to multiply by 20, and then divide by 0.1: 
[MZ+lbmmd = 4000x20 + 14.31 x 20 = 800000 ±2862 (mol kg'l) 
0.1 0.1 
The calculation of p.,r Jfree involves only one associated 2u and is therefore: 
And since R.J is equal to M+Jbound(units of mol kg'l) divided by of M+Jftee (units of mol dm3), the 
comination of errors must be made in the form: 
800000 + [28622 + 800000> + 28622 ],v, = 800± 45 
1000 63.242 1000' 
The same calculation as shown above for the example metal sorption data can also be applied to the 
HA sorption data by using a standard error of 0.001 rather than 20. The value 0.001 was measured as 
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the standard deviation of the lowest reproducible HA measurement possible on the Varian Cary UV 
spectrophotometer. 
1.3.5.8 Use of Rd rather than Kd 
The composite lY approach, as illustrated by the LAM and QUAD model. is a simple way to model 
sorption data. Although it has proven effective for the work contained within this thesis, (which is 
likely to be due to the fact that all the R.J values were measured under comparable conditions i.e. pH 
6, I = 0.1 etc) it cannot be extrapolated to R.J values beyond the experimental conditions under which 
they were measured [47]. Throughout the literature there are many references to both the 
measurement and prediction of R.s, the distribution ratio and K.t, the distribution coefficient. Both are 
often used interchangeably without proper definition of scope as it pertains to the matter of 
extrapolation and experimental conditions. The distribution ratio is an experimental parameter and its 
value does not necessarily imply that distribution equilibrium between the phases has been achieved . 
. However the distribution coefficient is the equilibrium sorption coefficient. 
Both the R.J and K.t are classified as empirical approaches, used to represent sorption, however both 
are not capable of accounting for the effects of variable chemical conditions, such as pH, on sorption 
reactions [I71]. This is why variations are observed in the literature for R.J and K.t values for various 
contaminant metals due to the differences in sorption mechanisms, geochemical conditions, soil 
materials, and methods used for measurements [172]. 
For the purposes of the work herein the sorption partitioning coefficients are referred to as R.J values 
since they are only relevant to the conditions under ~hich they were measured. In addition although 
equilibrium and reversibility were considered to exist within each experiment (which are both 
assumptions required for the validation of a K.t constant [I 73]) , if these data are extrapolated to larger 
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environmental systems with flow rates, conditions for equilibrium may not be satisfied if the flow is 
not sufficiently slow enough and sorption of the metal and particularly HA may not be reversible. It is 
for this reason the data contained within this thesis are referred to as R.! values. 
1.3.5.9 Summary 
Overall it would seem that the most significant finding of these results is the correlation of the LAM 
and QUAD milures with the metallHA metallHA correlation mctors. It is clear that for the europium 
and nickel systems, the majority of the data can be explained mirly accurately by both the LAM and 
QUAD. This correlates with the metallHA metallHA correlation mctors close to I. This is not a 
surprising outcome, and in mct it seems very plausible that the LAM and QUAD should only work for 
systems where the metal closely follows the distribution of the HA, as for both these systems, it is this 
interaction which is the largest, compared with the HA mineral (R.n) and metal mineral (R.tJ) 
interactions. The reasons why the metallHA metallHA correlation mctors are close to 1 for nickel and 
europium are obviously directly related to the large stability constant for these metals with HA It has 
also been postulated that, because the stability constant for nickel and europium is so high, any 
surmce charge alteration on the mineral even if it were to increase the apparent RdJ for these systems, 
can not significantly compete with the metal's attraction to the HA 
The most interesting-outcome of analysis of the ternary data and comparison of this with the model' 
predictions is the significant alteration of the HA distribution in the divalent metal systems, 
particularly those of nickel without significant failures in the models. It was expected that where type 
A ternary complexation is suspected to take place, the models would fail since they automatically 
assume that the HA mineral interactions dominate. Neither model can take into account the 
simultaneous and quite complicated postulation that the two mechanisms (metal sorption and HA 
sorption), although directly related to one another by alteration of surmce charge, might be occurring 
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separately at two different sorption sites on the mineral. Nor does either of the models take into 
consideration any surface coordination data that can take into account type A or type B ternary 
complex formation. 
Overall, from the modelling results it is fairly certain that for additivity to exist, even fur systems with 
a relatively large stability constant, some of the HA must remain in solution. If the majority of the HA 
is bound, either a surface charge alteration affects the Rn value or mineral bound HA has a higher 
effective stability constant. This is demonstrated very clearly by. the Eu" montmorillonite and 
kaolinite systems where the models under predict at the low HA concentrations when the highest 
percentage of the total HA in the system is sorbed. 
1.4 Conclusions 
It has been shown and described in detail that when HA is sorbed to the surface of a mineral, the 
surface charge and/or the affinity of the metal towards the bound HA is altered and as such results in 
an increased metal sorption for some of the ternary systems. By correlation of the HA sorption and 
metal sorption in ternary systems, it has been shown that the alteration caused by the sorption of HA 
is greatest for high HA concentrations, and therefore metal sorption is larger than if it were following 
the HA distribution alone. Under these conditions it has been shown that conditions for additivity are 
not met, particularly at the higher HA concentrations where the greatest amount of HA is likely to be 
bound and thus the enhancement of the metal sorption the greatest. This effect has been shown to be 
greater for systems with relatively small metal HA stability constants (such as cadmium, iron and 
caesium) because the alteration caused by the HA sorption can significantly effect the Rn value. 
Since the LAM and QUAD are very sensitive to the Rn input when the stability constant Rn is small, 
this results in major failures in both models. 
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It has been shown through a discussion of the ternary data presented combined with spectroscopic 
evidence in the literature that the divalent metals nickel, cadmium and iron can all mcilitate type A 
ternary complex formation, either through preferential complex geometry and/or due to the weakness 
of their stability constant with HA compared with europium. This has been shown with their ability to 
enhance HA absorption. An anomaly clearly exists for nickel, however it is expected that so long as 
the additional HA sorption via type A ternary complex formation does not mcilitate extra metal 
sorption, for example in a quadruplet arrangement of the type mineral-metal~HA-metal, such 
coordination does not alter modelling of an additive nature. In mct it is possible that the formation of 
type A ternary complexes is mvourable for modelling using the LAM and QUAD approach since this 
coordination may reduce possible surmce charge alterations as a result of the HA sorption. 
It has been shown that for all caesium and some cadmium systems a constant metal enhancement 
across the HA concentration range that does not correlate with HA sorption is likely due to ion 
exchange reactions. The modelling has shown that where electrostatic interactions take place 
conditions for additivity are not met Where electrostatic interactions are dominant, a model such as 
the linear additive model is unlikely to predict metal sorption as it can not take into account 
electrostatic attractions as it does not take into account surmce potential or potential changes as a 
result of sorption. 
As already mentioned, since the LAM and QUAD can not take into account ion exchange reactions of 
an electrostatic nature, where it is thought that additional metal is bound to the surfuce as a result of a 
surmce potential change by bound HA rather than metal sorbing to the bound HA, conditions for 
additivity are not mete It seems that should this be the case, the only way that LAM or QUAD could 
be successful is for systems where the stability constant between the metal and HA is large enough 
that even if surmce charge alteration occurs, the metal is still predominantly attracted to the HA, 
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whether it be bound or in solution. The ternary systems and model results for nickel and europium. to 
an extent. support this theory. 
In terms of criteria and suitability of these systems to be modelled by an additivity approach. in 
respect to both analysis of the difference in HA distributions in a binary and ternary system and the 
meta1lHA correlation factors. it has been shown that europium and nickel ternary systems can be 
adequately modelled using an additivity approach. The approach works for europium. because its 
stability constant with HA is sufficiently high to not be influenced by a surface charge alteration. and 
also because its HA distribution in the ternary system is relatively unaffected by the presence of trace 
metal. For the same reasons. nickel was modelled successfully using an additivity approach since it 
too has a large stability constant with HA. and because type A ternary bonding was predominant it is 
less affected by possible sumce charge alteration due to the HA since the HA is partially neutralised 
by the bridged metal. The system of cadmium kaolinite reinforces the conclusion that combined with 
a strong stability constant. the stereochemistry of the sorption can be as important since cadmium 
kaolinite also exhibited type A ternary complexes. Although modelling was unsuccessful using both 
the LAM and QUAD. a close trend in the data was attained. Cadmium. iron. and caesium do not 
satisfy conditions for additivity particularly at the higher HA concentrations. Their stability constants 
are not strong enough to overcome possible electrostatic enhancements as a result of the HA sorption. 
This combined with their varia~ons in HA distributions between the binary and ternary system lead to 
their inappropriate use for modelling their metal sorption in a ternary system based on additivity. 
Within this work the fuilure of LAM or QUAD based on order of addition during the batch 
experiments and fractionation of HA has been ruled out 
Overall it seems that for a model like the LAM to be applied to binary data, three conditions need to 
be satisfied. The first is that the stability constant between the metal and the HA needs to be large 
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enough to overcome any charge a1terntions caused by the sorption of HA. The HA distribution must 
not be totally bound and knowledge of the stereoselectivity of the metal in the presence of HA (i.e. 
types of ternary complex formation) must be known. 
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2 MULTI COMPONENT SOLID & HA BINARY & TERNARY SYSTEMS 
2.1 Introduction 
The sorption of radionuclides to clay minerals is an important aspect of performance assessment of a 
ILWILLW underground deep geological repository because clay is proposed as the backfiU for some 
future nuclear waste repositories [126], it is also highly abundant in the subsurfuce of the Geosphere 
surrounding potential nuclear waste repositories sites. 
Distribution ratios (Ra) in purified "model" minerals derived from using the batch technique are 
usually used to evaluate the sorption and migration of radionuclides in soils as it is considered the 
most important parameter for determining the transport cbaracteristics of the radionuclide [174]. 
However, Ra values in purified model mineral systems may not be representative of the sorption that 
may occur onto a mixture of minerals which are more realistic to an environmental clay or soil. 
Several investigators have shown that the amount or distribution ratio of a radionuclide sorbed by a 
soil cannot be predicted with the amount or distribution ratio of radionuclides sorbed by the soil 
components and the contents of the individual pure materials of the soil because of the interactions 
among the different components of the soil [175][176][177]. Because real soils contain multiple 
mineral phases, an important uncertainty in predicting sorption in natural systems is the effect of the 
heterogeneity of the geological materials [178] and the implications of this for up scaling. 
In theory there are many up scaling issues of concern for performance assessors. Main focuses are the 
fact that laboratory experiments are performed on crushed, homogenous, clean mineral samples, 
where in reality pore water contaminants will be in contact with surfuce minerals that do not have 
freshly cleaved surfuces, and differences between whole rock surfuces as opposed to fractured 
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surfuces are known to make very large differences in perceived distribution coefficients between a 
metal and solid surface [179]. 
For this reason the determination of the sorption of Eu" to a synthetic mixture of clay minerals and 
real environmental clay mixtures has been undertaken. The experimental has included the 
measurement of the metal distribution ratio both in the presence and absence of humic acid (HA). 
Europium is an important radionuclide because it is used as an analogue for trivalent actinides and in 
particular for americium, and hence the prediction of its sorption behaviour is of great interest Also, 
in the previous Chapter the results of the LAM used to predict the extent of Eu" sorption were 
considered the most successful, and therefore extension of the LAM onto a real environmental clay 
using Eu" was considered appropriate. Many studies have been performed for europium onto a range 
ofsorptive materials [126][34][180][123][122][124]. Some work involving the sorption ofEu3+ in the 
presence of RA exists [181]. However little research exists that has studied the sorption of Eir in the 
presence of RA onto real soils. 
In light of the results and conclusions presented in the previous chapter, the principle purpose of this 
chapter is to achieve a more thorough study of Eu" sorption to mixtures of clay minerals and real 
environmental clay mixtures. The LAM is applied using both the individual binary data of the pure 
minerals and the bulk binary data of the real clay/soil samples. Considering that such complex 
mixtures are more relevant to performance assessment, the present study was conducted using two 
well defined clay mixtures; London Clay and Ragdale Soil. 
In an attempt to extend the linear additive model to a more realistic envimnmental sample it is 
important to be able to apply the model to a real environmental soil rather than purified mineral 
components such as montmorillonite, kaolinite and goethite. The aim is to investigate whether the 
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linear additive model can be applied by comparing results when using both binary RI values onto the 
whole clay mixture to those measured HA and metal RI values onto the mineral components of the 
known clay mixture. Through this investigation it should be clear if the LAM is capable of application 
to a real sample and its sensitivity to pure versus mixed minernls. 
2.2 Experimental 
The sorption of HA and Eu3+ metal onto mineral phases Was studied by the batch technique. 
F or the purposes of this investigation, the solid adsorbent material was a range of mineral components 
known to be present in a real characterised soil and clay sample. These included a1bite (NaAlSi30 3, a 
aluminosilicate also often called an alkali-feldspar), chlorite (chlorine in oxidation state +3), dolomite 
(CaMg(C03P' also known as limestone), K-feldspar (KAlSi30li, also a type of alkali feldspar), mica 
(biotite, KAlz(A1Si30 to)(OHp, KM~S;"Oto(OH)z), and quartz (SiOz). Two real environmental clay 
mixtures were also used, London clay and Ragdale soil, denoted as LCIRS respectively. 
The chemical constituents from the solution were humic acid at varying concentrations and trace 
concentrations of iS2Eu (europium). Chemical analysis for the humic acid was determined using UV 
spectrophotometry and radiometric analysis was used for the metal radionuclide measurement 
To determine the distribution ratios between the metal, ligand and mineral (Rn, and R.a), several 
experimental set-ups were used. 
Binary systems were used to determine the minernl metal interaction (RdJ) and mineral humic 
interaction (R.a). Ternary systems were used to determine the minernl (clay mixture) metal interaction 
in the presence of HA (Rima). 
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2.2.1 Mineral preparation 
2.2.1.1 Whole Rock Mineral Components 
Microgranite Feldspar (porphyritic Grnnophyre, North Wales), Dolomite (pure, Norway), and Biotite 
Mica (North England) were supplied by UKGE Limited, a British Geological Survey (BGS) approved 
agent. 
Quartz rock was taken from a local quarry in Northamptonshire. 
Commercial calcite was aged for 2 months in 0.02 mol dm-3 NaHC03 to establish calcite crystals. The 
recrystalisation procedure used is reported elsewhere [182][183]. 
All the mineral whole rock samples were broken down into small fragments using a rubber hammer 
and then giound into fine powder sized fragments using a rotary bore mill. All minerals and mixtures 
of minerals were passed through a series of mesh sieves, and the <22 Iffil particle size frnctions were 
used for all studies. 
2.2.1.2 London ClaylRagdale Soil Origin and Characterisation 
Two real environmental clay mixtures were obtained that were known to be predominantly high in 
clay content and low in organic content. These are identified as London Clay (LC) and Ragdale Soil 
(RS). 
2.2.1.2.1 XRD AlUllysis to Determine Mineralogical Components 
The London clay was supplied from BGS, which was previously characterised using whole rock and 
<2 Iffil clay mineral fraction XRD by the Cranfield National Soil Research Institute. The results of the 
analysis are presented in Table 20 and Table 21. 
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The Ragdale soil was taken from Burton on the Wolds, Leicestershire, UK. and was collected at 
depths of 0.25 m from a sloped field, which had not been used for agricultura1 grazing or crop 
production in the past 5 years. Table 22 provides mineral characterisation for RagdaIe soil which was 
taken from the soil database, LandIS system «> Cranfield University (NSRI) 2006. 
Table 20 London Clay Whole Rock XRD Analysis 
BGSCode Mineral (%) 
* 
... .~ 
* 
Cl) [ ~ 0 Cl) 
-
... Cl) 
·E ·s m :9 u ·E ~ "Cl 0 * ~ 0 0 jj 
"0 "Cl .. 
u 
:E ::2 ·a u ~ Cl) "0 , Ji! ·s El ai u "Cl ~ .!2 0- m 
MPLM156 2.1 <0.5 0.5 3.7 83 <0.5 13.4 52.9 18.9 
* undifferentiated mica species including muscovite, biotite, illite and illitelsmectite etc 
** chlorite concentration probably underestimated as difficult to quantify in the presence of kaolinite 
and smectite. 
Table 21 London Clay <2 I'm Clay Mineral XRD Analysis 
BGSCode Clay mineralogy (%) Non-clay minerals 
Smectite mite Kaoliniie Chlorite 
MPLM156 43 35 19 4 Quartz, lepidocrocite 
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Table 22 Ragdale Soil Mineral Characterisation 
Land use Layer Total sand Fine Medium Coarse Organic Silt Clay 
Designation (0.06- sand sand sand Carbon content content 
2.Omm, (0.06- content content % (by (%) (%) 
60- 0.2mm, (%)by (%)by wt) including including 
2000um) 60- weight weight CaC03. CaC03 
content 200um) (0.002 - (<2um) 
(%)by content O.06mm. 
weight (%) by 2-6Oum) 
weight 
Amble Topsoil 35 18 15 2 2.6 30 35 
Amble Subsoil 30 11 0.6 23 47 
Amble Subsoil 23 10 0.3 31 46 
LeyGrass Topsoil 35 18 15 2 2.7 30 35 
LeyGrass Subsoil 30 11 0.6 23 47 
LeyGrass Subsoil 23 10 0.3 31 46 
Other Topsoil 35 18 15 2 3.9 30 35 
Other Subsoil 30 11 0.6 23 47 
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Other SubsoiIlPar 23 10 0.3 31 46 
ent material 
Permanent 35 18 15 2 4.9 30 35 
Glass Topsoil 
Permanent 30 11 0.6 23 47 
Glass Subsoil 
Permanent SubsoiIlPar 23 10 0.3 31 46 
Glass ent material 
The data from Table 22 that are most applicable to the Ragdale sample used are the data for the Lay 
Glassffopsoil and the Permanent grassffopsoil as the sample locations are most similar to that where 
the Ragdale soil for the batch experiments was taken. 
2.2.1.2.2 BET/ Langmuir Nl Sorption Isotherms to Determine SA (Surface Area) 
The BET sutfuce area, Langmuir sutfuce area and average pore size diameter for Ragdale soil and 
London clay were determined at Loughborough University, Chemical Engineering Department. The 
RS gave a BET surmce area of 27.75 m2/g, a Langmuir surface area of 38.00 m2/g, and an average 
pore size diameter of 44.09 k The LC gave a BET sutfuce area of 60.73 m2/g , a Langmuir sutfuce 
area of83.95 m2/g, and an average pore size diameter of 44.78 A. 
For the minerals the N2 BET method used to measure the SA was not capable of producing values for 
micro granite feldspar, quartz, dolomite or calcite. The only mineral that produced a result was that 
for mica which gave a SA of 0.0036 m2/g based on a single point SA calculation. 
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2.2.1.2.3 Potentiometric Mass Tllrations to Determine pze 
Potentiometric mass titrations were performed, under an Nz atmosphere for a blank solution and 
suspensions of three different masses (0.5, 1.0, and 1.5 g per 100 cm3) of each soil at constant ionic 
strength (0.03 mol dm-3 KN03) and temperature (25.0 ± 0.1 "C). The aqueous suspension containing a 
given amount of soil was equilibrated for 12 hOUTS to reach a constant pH value. A small amount 'of 
base, 1 mol dm-3 KOH, was then added to depTOtonate a significant part of the surface sites, rendering 
the sumce negative. The suspension was then titrated by adding small volumes ofa 0.1 or 0.5 mol 
dm-3 aqueous HN0J solution using an automatic syringe (rate of addition of 5 or 10 cm3 per hr). The 
pH value was recorded using a calibrated Jenway pH electrode connected to a computer for au,tomatic 
output of real time data (set at every 10 seconds) using the software, Software Wedge. These data 
were then correlated into curves of pH as a function of acidic solution added., based on a known acid 
addition rate. An example for kaolinite is illustrated in Figure 34. 
Figure 34 Kaolinite PMT Curves 
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The PZC results of all the minerals measured are compiled in Table 23. 
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Table 23 Mineral PZC Resubs 
Mineral/ Mineral Mix1ure Point of Zero Charge (PZC) or pH Value 
Montmorillonite 4.5 
Kaolinite 8 
Goethite 10.5 
Calcite 8.2 
Microgranite Feldspar 2.5 
Dolomite 8.5 
Mica 7.5 
Quartz 2.9 
Ragdale Soil 6 
S 
London Clay 7 
2.2.1.2.4 Copper Bisethy1enediamine Method combined with Iodometry to Determine CEC 
(Cation Exchange Capacity) 
The CEC of each solid was measured using an ethylenediamine complex of copper [184]. A 0.05 M 
solution of Cu(EDAh2+ was prepared by mixing appropriate volumes (1 :2) of I M CuCh and 1 M 
EDA solutions (with a very slight excess of the latter to ensure the complete formation of the 
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complex) and bringing the mixture up to the required volume. A known volume (2 to 5 cm3) of the 
0.05 M Cu(EDA):r solution was diluted with water to 25 cm3 and added to the solid (0.1 g) in a 
centrifuge tube, and the pH of suspension determined. The suspension was shaken initially on a 
Whirli Mixer for IS seconds and then transferred to a rotary shaker (300 rpm) for 30 minutes. Each 
sample was then centrifuged and the amount ofCu(EDAh2+ remaining in the supematant determined 
by Iodometry. 
The Iodometry was carried ~ut by taking a 5 cm3 aliquot of the supematant and mixing this with 5 
cm
3 
of 0.1 M HCI, to destroy the Cu(EDAh2+ complex. To this KI salt was added at 0.5g/cm3 (v/w), 
which turned the solution into a dark purplelblack colour. This was then titrated with 0.02 M NaS~3 
solution with starch indicator. 
Using the copper bisethylenediamine method, the CEC of the London Clay and Ragdale Soil were 
determined as 23.47, and 20.33 meq/lOOg respectively. 
For the majority of the minerals tested, the CEC was too low to measure; these include dolomite, 
quartz, and calcite. The only mineral in addition to montrnorillonite, kaolinite and goethite that gave a 
reproducible and measurable result was mica which gave a CEC of 42 meq/lOO g. 
1.1.1.1.5 Organic Contetrl (HA and FA) DetermilUluon 
The organic content of each environmental soil was determined by separating the humic acid, humin, 
and fuvic acid fractions as described in Figure 35. 
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Figure 35 Organic extraction from soils 
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The UV spectra for each humic and fulvic fraction were quantitatively compared with the UV spectra 
of purified Sigma Aldrich sodium humic acid at 350 nm. Using the calibration line y = 0.0207x + 
0.0468, the peak at 350 nm on each fraction scan can be correlated with that of purified sodium humic 
acid in units of mg L·'. 
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Figure 36 Humic and Fulvic Content of Soils; Equivalency to PumJed A1drich HA 
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2.2.2 Experimental Parameters and Conditions 
Experimental set-up and methodology was the same as that specified in Section 1.2.4. 
2.2.3 Experimental Equipment 
Experimental equipment was the same as that specified in Section 1.2.5. 
2.2.4 Metal-Solid Binary Systems 
Metal binary batch experiments were prepared as described in Section Error! Reference source not 
found •. 
2.2.5 Humic-Solid Binary and Metal-Humic-Solid Ternary Systems 
Ternary batch experiments was prepared as described in Section 1.2.7. 
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2.2.6 Preparation for UV Spectropbotometric Measurement and Activity Measurement 
Refer to Section 1.2.8 and Section 1.2.9. 
2.2.7 Metal-solid (R,Il) determination & bumic- solid (Rd]) determination 
RdJ and ~ were calculated as described in Section 1.2.10 and 1.2:1 1. 
2.3 Results & Discussion 
2.3.1 Binary Systems 
2.3.1.1 Metal- Mineral Rd] 
The ~ values, (units of dm3 kg-\ for Eu3+ sorption to each mineral as a function of incr~ing Eu3+ 
concentration are presented below in Table 24. The sorption isotherms are also included in the 
Appendix. 
Table 24 R", Data 
[EuCb]l Eu3+ Mineral ~(dm3 kg-I) 
mol dm-3 
Dolomite Mica Quartz Feldspar Calcite Chlorite RS LC 
1 X 10-6 626 2143 615 774 800 N/A 24951 34751 
1 x IO-s 517 1717 557 589 571 N/A 38803 18170 
1 x 10-4 95 1234 445 497 ppt N/A 15677 10231 
1 x 10-3 ppt 473 461 455 ppt N/A 1064 831 
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*ppt = precipitation 
The sorption distribution coefficients of europium, to dolomite, mIca, quartz, feldspar, calcite, 
Ragdale soil, and London clay, as detennined by batch experiment, are shown in Table 24. In general, 
metal sorption increased with decreasing metal concentrntion. This can be attributed to mass action as 
described previously in Chapter 1. 
The sorption coefficients demonstrnte that the adsorption capability of europium to the individual 
minerals at pH 6 with respect to the mineral is in the order of mica> feldspar> quartz> dolomite. 
Including the iron oxide goethite and the clay mineral data for montrnorillonite and kaolinite taken 
from Chapter I, the order can be re written as mica ~ontrnorillonite > kaolinite > feldspar> quartz 
> dolomite> goethite. This is in agreement with their respective CEC and PZC values. The minerals 
with relatively high CEC and low PZC i.e. mica, montrnorillonite and kaolinite produced the highest 
R.t values, whilst those with lower CEC and higher PZC i.e. goethite and chlorite, produced lower R.t 
values. The only exception was that of calcite whose SA was not measurable using the N2 BET 
sorption apparatus available and whose CEC was measured as less than 1 meql 100 g. Based on 
calcite PZC of 8.5 measured by potentiometric mass titrntion it was expected that it would exhibit a 
slightly positive surface at pH 6 and combined with low SA and low CEC that very little Eu3+ would 
sorb to its surface. On the contrary a large R.t value of 800 dm3 kg-I was measured at the lowest Eu3+ 
concentrntion. The calcite, along with dolomite, also exhibited considerable precipitation once the 
Eu3+ increased beyond trnce concentrntion (i.e. above 1 x 10'" mol dm-3). This can be explained by the 
possible dissolution of the calcite, which then allows Eu3+ to fonn aqueous complexes with carbonate, 
resulting in precipitation, or it may replace Ca2+ atoms on the calcite by coordination to carbonate 
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which is likely at the lower Eu3+ concentrations. The calcite data were also compared with other 
literature values concerning Eu3+ sorption at neutral pH. It was found that other investigators have 
also reported that Eu3+ can sorb very strongly to calcite along with other rare earth elements and 
trivalent actinides [183]. It was also found that at pH 6 the calcite surface is slightly positive and less 
carbonato species are present (e.g. EuCO/) therefore less Eu(III) will sorb to the mineral compared 
with other trivalent metals at higher pH where higher sorption of metal to calcite has been reported 
[\85]. The low concentration of carbonato species at pH 6 could explain why the Eu3+ precipitates at 
higher Eu3+ concentration due to a limited number of carbonate sorption sites for both calcite and 
dolomite. 
In Table 24 the sorption coefficients of europium to Ragdale Soil and London Clay are also 
demonstrated. Both soils/clays exhibit large sorption coefficients with respect to trace Eu3+. These 
data compare well with a number of other studies which have reported 90 to \ 00"10 sorption of trace 
Eu3+ to real environmental soils [\86] or clays [187][ \ 88]under neutral pH conditions. 
2.3.1.2 HA - Mineral Rd2 
The sorption isotherms of HA to kaolinite, goethite, montmorillonite, dolomite, mica, quartz, and 
feldspar are shown below in Figure 37. The sorption data of HA onto calcite are not included as it was 
thought that precipitation had occurred during the sorption experiments. The sorption isotherms of 
HA to Ragdale Soil and London Clay are also shown below in Figure 38. 
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Figure 37 HA Mineral Sorption Isothenn 
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The individual Rn data for each HA concentrntion onto each mineral are presented in Table 25. 
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Figure 37 HA Mineral Sorption Isothenn 
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The individual R.o data for each HA concentration onto each mineral are presented in Table 25. 
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Table 25 R.,. Measurements for Experimental HA Concentration Range 
HA Mineral Rd dm 3 kg-' 
[HA]/mol 
dm-3 DoIorrite Mica Quartz Feldspar Calcite RS LC 
UE-05 595 136 119 136 - 37 180 
5-3E-05 1787 641 50 641 - 119 841 
l.1E-04 2342 1270 22 1516 - 154 1800 
L6E-04 1527 664 14 1925 - 142 2371 
2_1E-04 1046 372 7 351 - 136 2517 
2.7E-04 803 283 7 187 - 105 2510 
3.7E-04 808 199 12 145 - 74 3281 
5-3E-04 688 197 10 156 - 70 947 
6.9E-04 700 146 8 137 - 65 373 
B.OE-04 716 93 13 87 - 60 340 
9.5E-04 555 80 13 73 - 48 342 
l.1E-03 580 102 10 66 - 38 347 
L2E-03 598 69 21 68 - 40 
l.3E-03 593 44 4 61 -
L6E-03 602 43 20 95 -
From the graphs in Figure 37, the minerals mica and micro granite feldspar exhibit a similar trend to 
that displayed by kaolinite and montmorillonite where two clear sorption mechanisms are displayed 
for each mineral. The first at low HA concentrations and a second at higher RA concentrations. 
Typical of classical L-curve type isotherms, both mica and microgranite feldspar show a clear 
levelling off point of sorption due to the fuet that monolayer coverage of humic has been achieved 
where sorption density is relatively independent of equilibrium concentration of RA. Also included in 
Figure 37 is the graph for dolomite. The RA sorption to dolomite remains very high across the entire 
HA concentration and does not reach a plateau region similar to that discussed in Chapter 1 for 
goethite. Dolomite and goethite share similar surface charge characteristics and so a simple charge 
correlation between the slightly positive mineral surfuce and the negative HA can be used as an 
explanation for the high sorption displayed. At the other end of the spectrum, Figure 37 displays the 
sorption of HA onto quartz. The sorption appears to reach a plateau at relatively low HA 
concentration. This can be explained by the immeasurable CEC of quartz and its immeasurable SA 
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From the graphs in Figure 38, the sorption of HA onto the environmental soils and clays exhibit very 
large sorption coefficients with respect to HA. Particularly for London Clay the sorption is extremely 
high and continues into quite large HA concentrations. For London Clay and Ragdale Soil a distinct 
plateau is observed. 
The results for London Clay and Ragdale Soil agree with other researchers who found that soil clay 
content may have a significant correlation with snil adsorption capacity for HA (189]. This is shown 
by considering that the clay fraction taken from the respective XRD whole rock mineralogy content 
was 35 and 40 % for RS and LC respectively. 
Another important aspect to consider is also the initial content of HA present in the various 
soils/clays. It is clear from the HA and FA extractions performed on the soils that Ragdale Soil had a 
considerable fraction of organic matter contained within the soil prior to addition of purified HA, 
hence it is can be expected that less purified HA sorbed to Ragdale Soil since many sorption sites may 
already have heen saturated with HA or FA 
2.3.1.3 HA - Metal Stability Constant RdJ 
The europium-humic stability constant value was based on prevIous studies carried out at 
Loughborough and is reported elsewhere [17]. The value used for Eu3+ HA log fl is 8.25. 
2.3.2 Ternary Systems 
2.3.2.1 Metal Sorption to Mineral Surfaces in the presence of HA 
The sorption of trace Eu3+ to each environmental clay/soil was measured in the presence of varying 
HA concentrations. Table 26 provides the average ~ values (averaged from a total of 3 data sets) 
calculated for Eu3+ sorption onto each environmental clay/soil for each HA concentration Table 26 
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also includes the ratio of the binary Eu3+ sorption to terruuy Eu3+ sorption for each environmental 
clay/soil. These data show that for London Clay and Ragdale Soil metal sorption is high at the low 
HA concentrations but never reaches the same RI as that observed in their respective binary Eu3+ 
soil/clay systems of 34751 and 24951 dm3 kg-' in the absence of HA For London Clay and Ragdale 
Soil, values resemble those of montmorillonite and kaolinite europium ternary systems with HA 
reported in Chapter 1. For these systems the ternary metal RI is reduced compared with its binary Rd/ 
interaction even at the low HA concentrations and can be explained by the same theory that once the 
HA concentration is sufficiently large, the HA is in a more equal distribution between the soiVclay 
and the aqueous phase and hence competition for the trace metal between the bound and aqueous HA 
exists, reducing the overall metal Rd. 
Table 26 Average Rdvalues and Bina'Y: Ternary Comparison Data for Eu~ sorption to RSlLC in the 
presence of HA 
[HA) Eu" Rd units of kg R dlB) :R <KT) 
1001 dm-3 RS LC RS LC 
2.1E-QS 8086 8831 3 4 
S.3E-QS 15042 10333 2 3 
1.1E-04 12255 7688 2 5 
1.6E-04 9193 3915 3 9 
2.1E-Q4 4016 7825 6 4 
2.7E-Q4 3843 6236 6 6 
3.7E-Q4 31n 6273 8 6 
S.3E-04 2484 4289 10 8 
6.9E-04 1388 3782 18 9 
8.0E-Q4 1157 2063 22 17 
9.SE-Q4 848 2030 29 17 
l.lE-03 624 1280 40 27 
1.2E-Q3 409 1041 61 33 
1.3E-Q3 520 698 48 50 
1.6E-Q3 359 473 69 73 
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2.3.2.2 HA Sorption to Mineral Surfaces in the presence of trace Eu:l<-
The HA sorption to environmental soils/clays in the absence and presence of trace Eu3+ (same 
europium concentration as used in Chapter 1) is illustrated in Figure 39. For both soil/clays the HA 
distribution is relatively unaltered by th.e presence of trace Eu3+. The only exception to this is for some 
of the measurements for London Clay where at the higher HA concentrations the binary sorption is 
slightly greater than the ternary sorption. 
Figu", 39 HA Distribution onto RSILC in the Absence and P",sence of Trace Eu" 
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2.3.2.3 Metal HA Correlations within Ternary System 
To establish whether a correlation exists between the HA surface coverage and the sorption of metal 
at varying HA concentrations, it is interesting to compare the metal and HA distribution in th.e ternary 
system. Where the stability constant between the metal and HA is rugh, wbich is the case for EuJ+ 
with HA it might be expected that the metal would preferentially follow the distribution of the HA To 
investigate this, the metal distribution as an Ri has been plotted against the HA distribution as 
illustrated in Figure 40. From these measurements it is clear that for Ragdale Soil and London Clay 
there is a positive correlation between the Eu3+ R. and the HA Rt in the ternary systems. 
For each system the apparent metallHA correlation factor determined from the relationship between 
the HA R. and metal R. was also plotted against the total HA sorbed as a percentage. Tills is 
illustrated in Figure 41. From this it is clear that for the Ragdale soil the metallHA correlation factor 
due to the sorption of HA is large and increases as the percentage of HA sorbed in the system 
increases. For London Clay the metallHA correlation factor is much lower and far more consistent 
across the HA concentration range and thus it can be seen that the addition of HA onto clay does not 
appear to cause an enhanced metal sorption above that expected to the bound HA 
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Figure 40 Metal/HA correlation factor Europium IHA Correlation onto Environmental Clays/Soils 
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2.3.2.4 lnferences on metaJ HA binary and ternary complex formation 
For the environmental soils/clays studied it is difficult to postulate about specific complexes that may 
be inferred from the batch sorption experiments as there is no supporting spectroscopic evidence 
either in the literature or carried out here. From the batch studies alone it is clear that each soil/clay 
acts differently with respect to sorption of either trace Eu3+ or HA and this is as expected based on the 
variety of mineralogy of each soil/clay. 
Comparatively the results for London Clay resemble the studies carried out in Chapter 1 with 
montmorillonite, kaolinite, and goethite being the best comparitors. This is probably because out of 
the two environmental soil/clays, London Clay contains the highest content of clay, which is reflected 
in the soil's name, and also has the least organic content. London Clay is therefore the least complex 
in terms of the variety of HA present. For London Clay, the Eu3+ mineral R.t] is relatively high with a 
value of 34751 dm3 kg-], and also has considerable affinity for HA with HA reaching a maximum 
sorption capacity of approximately 0.1 mol kg-] in the binary system In the ternary system the Eu3+ 
sorption is reduced by the presence of HA compared with the R.t] value from the Eu3+ soil/clay binary 
system. However the Eu3+ sorption does correlate with the HA sorption in the ternary system. This 
could indicate the presence of ternary complexes which if present are more likely to be of the type 
soil/clay-HA-Eu3+ based on the slightly positive charge of London Clay and the absence of HA 
enhancement in tile ternary system due to the presence of trace Eu3+. As also postulated in Chapter I , 
the observed results may not be due to the formation of ternary complexes but may simply be due to 
the addition of HA altering the surface charge of the soil/clay such that as HA is added, the slightly 
positive charge of the soil/clay may be reduced which may then allow the soi1!clay to compete with 
bound HA and aqueous phase HA for the trace Eu3+. 
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For Ragdale Soil, the results also resemble those shown in Chapter I with montmorillonite, kaolinite, 
and goethite. However the system differs from London Clay in that it has a considerable organic 
content This is reflected in the lower HA soil/clay Rn value observed for Ragdale Soil. The RII is 
also comparatively low considering the met that the Ragdale Soil contains natural HA and FA which 
would be expected to aet as additional .sotption sites for the Eu3+ in addition to the component 
minerals. For the ternary system, the RagdaJe Soil resembles those of the London Clay but produce 
slightly lower Eu3+ Rd values. The Eu3+ sotption is reduced considerably by the presence of HA but a 
positive correlation does exist between the amounts of HA bound and Eu3+ bound. Based on this 
similar complex formation, the same explanations can be made as those mentioned for London Clay. 
2.3.3 Modelling 
Using simple distribution ratio/coefficient mathematics the additivity rule as explained in detail in 
Section 1.3.5.1 in Chapter I, allows an overall Ra value for a metal mineral system to.be derived from 
the individual subcomponent binary Ra values. 
2.3.3.1 Soil/Clay Bulk Composite Rd Approach using LAM 
Modelling was carried out on each of the soil/clay systems using the Ru, Rn, and R.u values 
measured onto the bulk of each soil/clay. 
2.3.3.2 Soil/Clay Mineral Component Composite Rd Approach using LAM 
Modelling was carried out calculating a theoretical bulk RI1 and Rn, described as Rn urix and Rn px 
based on the individual Rn and Rn measured onto each mineral component of the soil/clay and 
weighted by the mole fraction of the mineral component contained within the bulk. The R.t .mx was 
calculated using the following equation. 
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Equation 13 R.. mix Calculation 
RdMix = 'i:.Mo/eFraction x R_ 
Table 27 London Clay Composite Eu:t> R... _ Data 
Parent Mineral Mineral % Mole Eu-Mineral R" R,,*MoIe Fraction 
Composition Fraction dm3kg-' dm3 kg-' 
Chlorite Chlorite 0.2 0.002 0 0 
Dolomite 0.5 0.005 626 3 
\\lite K-Fe\dspar 3.7 0.037 774 29 
Albite 2.1 0.021 774 16 
Lepidocrocite 0.5 0.005 237 1 
Mica 13.4 0.134 2143 287 
Kaolinite Kaolinite 8.3 0.083 1496 124 
Smectite Smectite 18.9 0.189 2044 386 
Quartz Quartz 52.9 0.529 615 325 
CompositB R" mm 1172 
In the sub component mineral data used in Table 27 to calculate the Eu3+ Rllm;x onto London Clay, the 
R.n value for K-feldspar was used for albite, the RlI value fur goethite was used for lepidocrocite and 
the R.n value for montmorillonite used for smectite. 
Table 28 Ragclale Soil Composite Eu" R.. ..... Data 
Parent Mineral Mineral Composition % Mole Eu-Mineral Rd Rd*Mole Fraction 
Fraction dm3 kg-' dm3 kg-' 
Silt VelY Fine Quartz (<212um) 30 0.3 615 184.5 
Quartz VelY Fine (<212um) 18 0.18 615 110.7 
Medium (355-500 urn) 15 0.15 615 9225 
Coarse (500-79Oum) 2 0.02 615 12.3 
Clay Clay 35 0.35 2044 715.4 
Composite R" _ 1116.16 
In the sub component mineral data used in Table 28 to calculate the Eu'" R.!lmix onto Ragdale Soil, the 
R.n value for montmorillonite was used for clay. 
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Table 29 London Clay Composite HA Rd. mix Data 
[HAJ/mol dm·3 HA Ro (dm3 kg·1) 
Chlorlte Dolomite K Feldspar Alblte Lepldocrocite Mica Kaolinlte Smectlte Quartz Composite Rd mlx 
Mole Fraction 0.002 0.005 0.037 0.021 0.005 0.134 0.083 0.189 0.529 1 
2.12E-05 - 595 136 136 7424 136 214 374 119 218 
5.30E-05 - 1787 641 641 2340 641 125 210 50 220 
1.06E-04 - 2342 1516 1516 977 1270 83 135 22 319 
1.59E-04 -. 1527 1925 1925 586 664 65 105 14 244 
2.12E-04 - 1046 351 351 408 372 55 87 7 102 
2.65E-04 - 803 187 187 308 283 48 76 7 77 
3.71 E-04 - 808 145 145 201 199 40 61 12 62 
5.30E-04 - 686 156 156 129 197 32 49 10 57 
6.89E-04 
-
700 137 137 92 146 28 41 8 46 
7.95E-04 - 716 87 87 77 93 25 38 .13 37 
9.54E-04 - 555 73 73 61 80 23 34 13 33 
1.06E-03 - 580 66 66 54 102 21 32 10 33 
1.22E-03 - 598 68 68 45 69 20 29 21 34 
1.33E-03 - 593 61 61 41 44 19 27 4 21 
1.59E-03 - 602 95 95 32 43 17 24 20 31 
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Table 30 Ragdale Soil Composite HA R.. mIx Data 
[HA]/mol dm·3 HA R. (dm' kg") 
Clay Quartz Composite R. mix 
Mole Fraction 0.35 0.65 1 
2.1E-OS 374 3 133 
S.3E-OS 210 3 76 
l.lE-04 135 3 50 
1.6E-04 105 3 39 
2.1E-04 87 3 33 
2.7E-04 76 3 29 
3.7E-04 61 3 24 
S.3E-04 49 ·3 19 
6.9E-04 41 3 17 
B.OE-04 38 3 15 
9.5E-04 34 3 14 
l.lE-03 32 3 13 
1.2E-03 29 3 12 
1.3E-03 27 3 12 
1.6E-03 24 3 11 
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2.3.3.3 Results 
Figure 42 LAM Results for ok Eu (Ill) Sorbed to Environmental Soil/Clay in the Presence of HA 
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The results of the LAM for both the composite mix approach and the bulk approach for London Clay 
and RagdaJe Soil are illustrated in Figure 42. The data clearly show that the LAM is unsuccessful in 
describing the sorption data by either method. This is particularly evident for Ragdale Soil where the 
RI values calculated by the LAM via both methods are much smaller than those measured. For 
London Clay the same can be said for the LAM results using the component mix approach. However 
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for the bulk approach although the agreement is not exact, the Eulr R.I values calculated using the 
LAM reproduce a number offeatures observed in the Eu3+R.J data for London Clay. 
2.3.3.4 Discussion 
Comparison of the bulk R.l1 values measured and the calculated composite R.t mix values vary 
significantly for both the Eu3+ values and HA R.J values. The R.I mix values are all consistently lower 
by several orders of magnitude which suggests that the sorption of both the metal and HA can not be 
calculated based on the sum of the component minerals multiplied by their composition mole fraction. 
Previous authors have reported similar findings concluding that based on sorption studies using the 
binary mixtures of model mineral phases, sorption is poorly predicted by considering a weighted sum 
of individual mineral components [190][ 191]. 
The more surprising of the results is the failure of the LAM to calculate the Eu3+ sorption data based 
on the bulk R.t values. Although the London Clay results were reproducible at the higher 
concentrations, it is likely that the failure at the lower HA concentrations is because the majority of 
the HA is bound. The ternary R.t Eulr and R.I HA correlation data also indicated that more metal was 
sorbing to the soil than if it were simply following the HA distribution and considering the 
conclusions drawn from Chapter 1 it was noted that unless the correlation was near to unity, the LAM 
would be unsuccessful since for systems where the stability constant is high. as it is for Eu3+ HA, the 
model is most sensitive to R.u. This is evident with the higher metaIIHA correlation factors for 
Ragdale soil compared with London Clay and thus why the results of the LAM for the London Clay 
system are comparatively much more accurate than those of for Ragdale Soil. 
The results for the R.t mix composite approach are as expected based on the complexity of the 
environmental samples under consideration. Several reasons are possible for the inability to predict 
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sorption by considering a weighted sum of individual mineral components. The first is that it is well 
documented that the sorption coefficients of Eu3+ for natural soil surfaces are greater than those of 
fresh surnces due to the higher content of secondary minerals such as calcite and chlorite which may 
act as stronger sorbents [192]. Also for specific soil components such as clay minerals and soils, other 
heavy metals can be contained within the soil matrix that are not identified by bulk mineralogy 
characterisation such as XRD. It has been shown that trace metals in a soil matrix can compete with a 
trace contaminant metal for sorption sites [193][194] and result in suppression of the sorption of a 
trace metal [195]. For example iron (hydr)oxide although they are used in the calculation of the K.J mix 
values herein, are known to be a significant sink for many radionuclides and thus preferential sorption 
to these components should be accounted for [196][22][ 197]. 
To carry out the experiments properly the systems need to be free of artefacts. Trace metals such as 
free Fe oxides and organic macromolecules from soil clay samples should be removed prior to batch 
sorption studies. This was not carried out here, as most methods used to isolate and concentrate 
clay/soil minerals involve dispersion of the environmental sample via treatment with harsh reagents 
which can significantly alter surnce properties such as surnce charge and crystal structure 
assemblages, i.e. dissolution. It has been shown that simply drying soils can result in a high bias 
towards the permanently negatively charged mineral components in the mixture such as kaolinite and 
mica [198]. 
Another important aspect was the fuct that for Ragdale soil, a considerable organic fraction already 
was bound to the existing clay fractions in the soil. These will combine with the added complexity of 
FA and HA, which are known to have differences in solubility, polarity and molecular size [199]. 
This could also be a reason why the metal/HA correlation fuctor for the Ragdale Soil system was so 
high compared to the London Clay. The extra organic fractions along with less abundant minemls 
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present in both soils are also capable of forming colloids which may have gone undetected as sorption 
onto the bulk of the abundant mineral components. 
As demonstrated in Chapter 1, through detailed consideration of possible complex formation it was 
suggested that addition of HA may cause surfuce charge alterations on model minerals such as 
montmorillonite, kaolinite and goethite. If these alterations exist in the ternary systems investigated 
here any surfuce charging mechanisms operating in the complex mineral assemblages cannot be 
predicted based on bulk mineralogy or by considering surfuce reactivity of less abundant mineral 
phases based on results from model systems [200]. 
2.3.3.5 Sensitivity Analysis of LAM 
The LAM sensitivity analysis as illustrated in Section 1.3.5.5 in Chapter 1 was repeated using the 
measurments presented here. Like in Chapter 1 where the stability constant is large, the most sensitive 
input is the R.o (HA mineral interaction) value. Again for the data of both Ragdale Soil and London 
Clay the LAM is directly proportional to the input of the Rdl value such that a doubling of the R.o 
results in a doubling of the overall RI. Again a similar change in the RI} is not important to the 
outcome of the overall R,;. This sensitivity can be explained simply by the fuct that the R.o value is 
multiplied by the metal HA stability (Ih) value, so if this is large, any deviations in the R.o will also 
produce a large effect. 
2.4 Conclusions 
The results of the RagdaIe Soil and London Clay ternary system analyses with respect to the apparent 
metal/HA correlation fuctor are related to the percentage of HA sorbed. The results of the LAM using 
R.t measurements made on the soil's mineral components illustrate that it is not possible to model a 
real soil based on only bulk mineralogy. Comparison of the R.t mix calculated and that measured onto 
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the bulk reflect the need to take into consideration other aspects of the soil matrix such as trace metal 
concentration and ageing of the soil components. It is also evident that the natural content of HA in 
the Ragdale soil considerably affects the sorption of the trace Eu3+, in addition to the purified humic 
acid added and this is shown with the large metallHA correlation factor calculated for Ragdale Soil. 
For the London Clay, bulk modelling results using the LAM support conclusiona drawn in Chapter 1. 
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3 ANTHROPOGENIC LIGAND BINARY & TERNARY SYSTEMS 
3.1 Introduction 
Performance assessment of a nuclear waste repository requires evaluation of the interactions of the 
components that make up the waste both in the repository (the near field) and in the environment (the 
far field). For this reason it is important to consider all organic ligands that could potentially affect the 
migration or complexation of metals to the host rock of the repository and/or to the clays and soils of 
the far field of an underground repository. 
Anthropogenic organic ligands such as cellulose degradation products, e.g. isosaccharinic acid (ISA) 
[201], and decontamination agents, e.g. ethylenediaminetetraacetic acid (EDTA), nitrilotriacetic acid 
(NT A), and picolinic acid (P A) [202] are all known to exist in either relatively large quantities and/or 
in high concentrations in ILWILLW [203][204][205][206]. 
The anthropogenic organic ligands of major importance to nuclear waste management agencies vary, 
depending on waste conditioning methods and therefore the components of the waste. But general 
agreement can be seen in the literature that the evaluation of EDT A and !SA (along with oxalate, 
citrate) are of particular importance and were the focus of a recent Nuclear Energy Agency (NEA) 
organics review conducted by respected experts from across Europe's leading nuclear waste 
management agencies and research institutes [207]. 
The presence of anthropogenic organics can affect the adsorption behaviour of metal ions onto 
mineral surfaces in a similar manner to that discussed for humics [208][13]. The adsorption behaviour 
of these organic ligands is such that they can interact with specific sites on mineral surmces, and so 
long as one or more ligand donor groups remain free, the ligand can mcilitate metal ion adsorption by 
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acting as a bridge between the mineral surface site and the metal ion (i.e. type B ternary complex 
fonnation) thereby retarding their migration [209][14]. These organic Iigands can also reduce metal 
sorption onto mineral surfaces and enbance metal mobility by forming stable water soluble complexes 
with multivalent metal ions [I 5]. 
The thermodynamics of metal adsorptionldesorption in the presence of organic ligands has been 
extensively reviewed by Schindler et al [132]. The most common studies involving anthropogenic 
ligands are those of EDT A and NT A. Surface reactions of uncomplexed EDT A with iron and 
aluminium oxides have been studied extensively [210][13]. But in groundwater, EDTA is expected to 
be present as metal complexes, e.g. Fe(11I)EDTA or Ca(II)EDTA etc [211]. It is these complexes that 
are important to sorption reactions and as such have been studied by several investigators previously 
[212][213]. 
EDTA has been shown to be relatively non sOlbing to iron hydrous oxides at neutral pH [214], which 
has been explained by the filet that at neutral pH EDT A has two protonated amine groups, and adsorbs 
to a lesser extent than NT A because positively charged amine groups inhibit adsorption to the slightly 
positively charged FeOOH [215]. Below pH 6 however significant EDT A sorption has been observed 
onto hydrous ferric oxide (HFO) [216], although sorption decreased significantly to near 0"10 between 
pH6andpH7. 
Several studies have been performed that have demonstrated the effect of EDT A on the solubility and 
sorption of heavy metals such as Ca, Mg, Ni, Co, Cu, Zn, Cd, and Fe in natural mineralfwater systems 
[217)[218)[219]. The presence of EDT A has been shown to completely inhibit any sorption of trace 
metal such as Ni and Co to hydrous oxides under certain conditions [214)[220]. 
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Where terrJl\1)' metal EDT A mineral complexes have been shown to exist it has been postulated that 
metal EDTA species adsorb as ternary 1:1 metal to EDTA mtio complexes [229)[230)[221)[212]. 
These studies have indicated that divalent metal-EDT A complexes can be highly sorbing onto 
goethite. To a lesser extent, trivalent-EDTA complexes (Co-EDTA and Al-EDTA) [222] and 
tetravalent-EDTA complexes (Pu) [223][224][225)[226] have also been studied, producing results 
that suggest these complexes are less sorbing due to the coordination of all the carboxylic groups of 
the organic ligand with the metal ion, whereas in the case of a divalent metal-EDT A complex one 
carboxylic group is free to coordinate with the mineml [230]. 
An important aspect of EDT A and NT A metal mineral sorption investigations has been the inclusion 
of mineral dissolution particularly at neutml pH. Both EDT A and NT A have been shown to accelemte 
the dissolution of silicate and oxide minemls [227] [228]. 
The adsorption ofPA and metal PA complexes has been far less studied compared with the other 
anthropogenic organic ligands such as EDT AINT A and cellulose degmdation products such as ISA. 
P A has been shown to form relatively strong and stable complexes with metal ions [229][230)[231]. 
However the effects ofPA on sorption behaviour have been little studied in the context of mdioactive 
waste disposal [232]. Binary PA mineml investigations have reported high sorption coefficients by 
field soils [233] and iron oxides at neutral pH [10)[216]. However the available data appear to be 
consistent in that ternary metal P A surface mineral complexes do not exist at any pH range. It would 
seem that the aqueous metal PA complex is dominant [221)[234]. Investigators have reported metal 
sorption reduction in the presence of PA under high pH conditions [235] and under neutml pH 
conditions [236]. In geneml it appears that the effect of PA on the adsorption of metal ions is related 
only to the formation of aqueous complex species if the PA does not absorb. If the PA does absorb, 
both the donor electrons of the carboxyl group and· nitrogen heteroatom are involved with 
Chapter 3 Anthropogenic Ligand Binary & Ternary Systems Page 177 of 278 
coordination to the mineral surface, leaving no available site on the ligand to adsOlb metals and hence 
form ternary complexes [237][238][239]. 
The most complicated of the anthropogenic organic ligands are those formed by the degrndation of 
cellulose. Investigating the effects of cellulose degradation products directly has proven difficult 
because these products are complex and may contain many unidentified compounds [240]. In addition 
their composition may vary depending on the composition of waste solution [241]. Generally it is 
widely accepted that the most common and abundant final degrndation product of cellulose under 
chemical conditions of cement pore water (pH 13.3) is ISA [242][243]. ISA has been shown to be a 
strong complexing agent for tetravalent actinides as well as for trivalent lanthanides and actinides, 
known to affect the solubilities of these elements and their interactions with the cement of the 
repository [222][244][245]. 
Sorption studies involving ISA are difficult because firstly, the production ofISA is a lengthy process 
[246] and secondly ISA is not commercially available. For these reasons many studies have also 
included the sorption of gluconic acid (GA). GA is very similar in structure and reactivity to ISA 
[247] and is commercially available and GA is often, therefore used as an analogue for cellulose 
degradation products [248]. GA has also been used as a plasticizer in certain concrete mixtures [249], 
and therefore could be present in certain wastes. Sorption studies involving ISA are also difficult 
because the structural conformation of ISA changes with pH. Under neutral pH, a mixture of ISA as 
the lactone (dominant structure in acidic medium) and a straight chain (dominant in basic medium) is 
possible [250]. Many investigators have focussed on the straight chain species (a-D-isosaccharinate) 
as it will be the dominant species under repository conditions [251]. Based on speciation diagrams 
and using dissociation constants at low pH the dominant ISA fractions have been determined as ISA-
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and a-D-isosaccharinate, but a ftaction of the mixture may also include the lactone structure and 
hence complicate surface mineral reactions [252]. 
.. 
Of the few studies available in the literature ISA and GA have been shown to form a number of stable 
complexes in aqueous solution with a wide variety of metals, including lanthanides [253 ][254] [77) 
[255]. Sorption studies have included the reduction of metal (La3) sorption to goethite in the presence 
of equimolar concentration of GA above pH 7 [248], however below pH 7, GA had little effect on 
metal sorption. The effect of ISA and GA on Ell, Am and Th sorption onto calcite at high pH was 
investigated [256]. The results indicated that the formation of aqueous ISA and GA complexes would 
not significantly affect Ell, Am and Th sorption on calcite although some ternary complexes were 
identified. A similar conclusion was presented by a similar study on selenite (Se~ 2) with various 
hydrated cement pastes (HCP) in the presence ofISA and GA under conditions of high pH [257]. The 
former Nirex UK commissioned several extensive studies to investigate the influence of cellulose 
degradation products on the chemistry of radioelements in a repository [258][259], however the 
res.ults were concentrated on solubility effects and high pH conditions, and so the presence ofISA and 
GA was concluded to be negligible in the context of sorption, despite an obvious reduction in 
distribution coefficients due to the presence ofISA and GA 
The modelling of anthropogenic organic sorption to minerals using surface complexation models 
(SCM's) have been successfully applied to describe the adso.rption of metals and simple organics to a 
variety of oxide surfaces [227]. However the scope of the work herein is not to include modelling but 
to extend the studies of single organic ligand binary (ligand -mineral) and ternary (ligand-metal-
mineral) systems to quaternary systems involving two organic ligands (HA and anthropogenic organic 
ligands) with trace metal and minerals. 
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Humic substances and smaller organic ligands have been found to compete with one another for both 
the mineral surface and for coordination with trace metal [118][83). Since in aquifer systems there are 
a large number of ligands to complex with toxic metal ions the probability of mixed complexes being 
formed is high [260). Information regarding the existence and formation of mixed ligand metal 
complexes in the literature is scarce [261). The only thorough investigations have been with 
carbonate [212] since mixed complexes with carbonate may be important in certain groundwaters 
[23], and with oxalate and EDTA [225] [262]. It has been shown that metal ions such as Eu3+, C02+, 
Cd2+, and uol+ do form mixed complexes with HA and an additional ligand such that complexes 
will be present in most groundwater conditions [263]. The formation of mixed complexes is known 
for simple ligands [264]. And based on steric metors, formation of mixed ligand species is expected 
since if a metal is coordinated to a bulky ligand, then it is more likely that a smaller ligand will 
occupy a second coordination position [209]. It has been reported that it is possible that a metal ion 
bound to a humic ligand site exchanges coordinated water molecules or hydroxide ions against one or 
several low molecular weight ligands, thereby furming mixed ligand complexes [265]. 
From the study carried out by Glaus et al [265] it was concluded that the formation of mixed ligand 
complexes with humic substances as a ligand are weaker compared to the formation of mixed ligand 
complexes with low molecular weight ligands. But despite the relatively low stability of mixed 
organic ligand metal complexes including HA, it is important to study the behaviour of these systems 
the presence of a mineral sorption surfuce which is more realistic to conditions in ground waters. It is 
also important to know the critical concentration limit of a ligand, above which mixed ligand 
complexes become important and affect metal sorption coefficients. 
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3.2 Experimental 
The sorption of ISA, GA, P A, EDT A, and NT A on mineral surfaces was studied by the batch 
technique. The solid adsorbent material used was a range of clays/oxide minerals (montmorillonire. 
kaolinite, and goethite), the same as those used in the HA batch experiments in Chapter 1. The 
chemical constituents from the solution under inspection were the respective organic ligands at 
varying concentrations in addition to some ternary experiments with trace concentrations of europium 
or nickel metal; 15~U (europium) and ~i (nickel). Chemical analysis for the organic ligand PA was 
determined using UVNis spectroscopy. TOC was used for GA, EDTA and NTA, and radiometric 
analysis was used for ISA C'C radio-labelled ISA) and trace metal detection. 
3.2.1 Mineral preparation 
Three different clay/oxide mineral types were used for the binary and ternary batch experiments. 
Kaolin (-A12Si:z06(OH)., Aldrich Chemical Company), Montmorillonite (K-1O Grade, A1drich 
Chemical Company) and a-Goethite (Fe(OH)O, Fluka) were all preconditioned to pH 6 by pH 
adjustments to prevent mineral pH buffering during batch experiments. To each vial, 0.1 g of solid 
(montmorillonite, kaolinite or a-goethite) were weighed and recorded. To this 20 cm3 of 0.1 mol dm-3 
sodium perchlorate, pH 6 were added. The vial was mixed using a 'Whirlimixer' for 30 seconds 
ensuring all the solid had not settled to the bottom of the vial and left for 1 hr. The vials were then 
adjusted to pH 6 by addition of acid (HCI or HCIO.) or base (NaOH) until a drift of less than 0.5 pH 
units over a 24-hr period was maintained in the vial. Once the vials had pH stabilized, the supernatant 
sodium perchlorate solution was removed. The sample was then used for batch experiments. 
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3.2.2 EDTA. NTA, gluconic Acid, and picolinic acid preparation 
Sodium EDTA (-Al:zSi20 6(OH) ... Aldrich Chemical Company), Sodium NTA (-Al:zSi~6(OH)4, 
Aldrich Chemical Company), Sodium Gluconate(-Al2Si20 6(OH) ... Aldrich Chemical Company), and 
Picolinic Acid(-Al2Sh06(OH)4, Aldrich Chemical Company), were all used as supplied from their 
commercial manufilcturers. 
3.2.3 ISA preparation 
ISA is not commercially available as it is a substance that will be fonned from the degmdation of 
cellulose under repository conditions and therefore must be made in a laboratory under experimentally 
simulated repository conditions. 
3.2.3.1 Ca-ISA 
The preparation of Ca-ISA was perfonned using a method reported in the literature [246]. Alpha 
lactose monohydrate (500 g) was dissolved in 5 dm' of distilled water. Calcium hydroxide (135 g) 
was then added and the flask was sparged with oxygen-free nitrogen for six hours, whereupon it was 
stoppered, and left at room temperature for 3 days. The resulting brown solution was refluxed for 10 
hours and filtered whilst hot. It was then evaporated in a stream of moving air until the volume was 
reuced to about 1500 cm'. The mixture was refrigerated overnight and the white solid removed by 
filtration. It was then washed with cold water, ethanol and propanone. Recrystalisation of the calcium 
salt was perfonned by dissolving 1.19 g of Ca-IS A in 100 g of hot water. The hot solution was then 
filtered free of calcium carbonate. It was then evaporated under reduced pressure in a Biichi REIl 
Rotavapor. 
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3.2.3.2 Na-ISA 
The calcium salt was converted to the sodium salt through use of an ion exchange method [266). 
Ca(ISAh (8 g) was added to Chelex-loo (BioRad) resin (200 g) in one litre of deionised water and the 
suspension mixed for three hours. The resin was filtered off with a Millipore 0.2 I1Ill membrane filter. 
The solution concentrate was then reduced by boiling down to about 100 cm3 It was then evaporated 
further in an oven at 80°C until a thick syrup was obtained. The syrup was then removed from the 
oven and left at room temperature (20°C) to crystallise. The crystals were triturated in the presence of 
water-free diethylether and then filtered. 
3.2.3.3 14C-NalCa-ISA 
The preparation of t·C labelled Na-ISA was performed by carrying out the procedure described in 
Section 3.2.3.1 and 3.2.3.2 above but with use of a t·C labelled p-lactose (Amersham BioSciences) 
rather than an inactive (I-lactose. Initial concerns were that the difference in the isomeric properties of 
the starting lactose would result in a different isomer of radiolabelled ISA but from the mechanism, as 
shown in Figure 43, it can be seen that the starting isomeric orientation of the lactose has no bearing 
on the final isomeric structure of the Ca-ISA or Na-ISA. This was also confirmed by single crystal 
XRD (single crystal XRD performed by Dr. Mark Elsegood, Loughborough University, Daresbury 
Facility, Nov 2005), using the same procedure to make an inactive Na-ISA using inactive p-lactose as 
a starting material. 
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Table 31 XRD ISA Oa1a 
Sample XRDResults Structure 
p-Iactose ISA 9.20(2), 5.077(7), 9.71(3), P = CJl13Nao, OT Na[CJllI06].H2O 
102.7(2) 
Literature 9.2267, 5.0765, 9.7435, P = CJl13NaO, OT Na[CJI •• 06].H~ 
ISA [267] 103.304(2), R = 0.036, v = 444.13 
Literature 9.2418(11),5.0832(6),9.7626(I2),P= CJl13NaO, OT Na[CoH •• 06].H2O 
ISA [77] 103.245(2), R= 0.038 
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Figure 43 Mechanism of ISA Fonnation 
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The two product isomers are shown, based on conformation analysis, the second isomer would be the 
major product as this is less sterically hindered. 
Additional 14C-Ca ISA was also obtained from SERCO Assurance. No longer commercially available, 
SERCO Assumnce provided a stock of radiolabelled Ca-IS A which had been produced by the 
National Physics Laboratory in 1995. The advantage of using 14C labelled ISA that had been 
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commercially manumctured as opposed to that prepared in house was that its specific activity was 
much greater, which allowed lower detection limits using LSC. 
3.2.4 Authentic cellulose degradation products (CDP) preparation 
Authentic cellulose degradation products were prepared following a method that had previously been 
used by AEA Technology [268]. Cellulose (soft tissues, cut into one inch strips), 20 g, was mixed 
. with 200 g ofNRVB (Nirex Reference Vault Backfill [269]), a highly alkaline cement, placed in a 2 
dml capacity 3-necked round bottomed flask with 1" dml of deionised water added. The flask was then 
placed into a heating mantel set at 80 ·C. The flask was sealed with a temperature probe, a gas 
sparging needle,and to the centre arm a reflux condenser was attached, the end of which was 
submerged in a beaker of water to prevent inlet of air into the reaction mixture but allow an outlet for 
the reflux condenser. The reaction mixture was continually sparged with nitrogen and left for I month 
to degrade. After one month the reaction mixture was filtered free of all solid material and the 
solution authentic cellulose degradation products stored in the fridge at 5 ·C ready for experimental 
use. 
3.2.4.1 HPLC of CDP 
All prepared batches of cellulose degradation products were run on a Hewlett Packard Series n 1090 
High Performance Liquid Chromatography with a diode array detector, run on Chem Station 
Software. The mobile phase was a 0.1 mol dm-l phosphate buffer, at pH 3.2. The column used was a 
Waters resolve CI8 5 jJJlI. 
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3.2.4.2 Powder XRD of CDP 
Powder XRD (performed by Dr. Sandie Dann, Loughborough University) was completed on cellulose 
degradation products as prepared (PH 14), and of cellulose degradation products converted to pH 
neutral after preparation (PH 6). The solutions were allowed to crystallise by evaporating the solutions 
in an oven at 80 "C and also on the open top bench. 
The crystallisation process of the CDP at high pH provided a range of crystal products all of which 
were analysed and the results compared with the single XRD data ofISA straight chain and computer 
modelled XRD data for lactone ISA 
The crystallisation process of the CDP at low pH provided a single crystal product. The powder XRD 
of this product was inconclusive as to which form the !SA structure had taken when prepared at low 
pH. However the small study confirmed that it ~ likely that since both the lactone and straight chain 
ISA was observed in the crystal prepared at high pH, a similar content would be present in the !SA 
prepared at low pH. 
3.2.5 Experimental Parameters and Conditions 
To cover a broad equilibrium concentration range of each ligand, the detection limit for each ligand 
was determined using its respective analytical technique. Concentrations ranging from 0.1 mol dm·3 to 
the lowest detection limit were initially studied. Where the technique fiUled to show results capable of 
producing sorption isotherms, the experiments were repeated with the solid solution ratio adjusted. 
ISA sorption was carried out with concentrations ranging from I x 10-0 to 0.1 mol dm-3. Gluconate 
sorption was carried out with concentrations ranging from Ix 104 to 5 X 10.2 mol dm-3. EDTA 
sorption was carried out with concentrations ranging from I x 104 to I X 10-2 mol dm-3. NTA sorption 
was carried out with concentrations ranging from I x 104 to 5 X 10-2 mol dm-3. PA sorption was 
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carried out with concentrations rnnging from I x 10-5 to I X 10-3 mol dm-3, (S:L, I :2(0). Ionic strength 
and pH were controlled throughout the experimental procedure by use of 0.1 mol dm-3 sodium 
perchlorate preconditioned and adjusted to pH 6 where TOC analysis was used. For all other analysis 
0.1 M MES Buffer adjusted to pH 6 was used. All other experimental parameters and conditions were 
the same as those for the HA batch experiments described in Chapter I. 
3.2.6 Experimental Equipment 
The major pieces of equipment used in the exPerimental are listed in Table 32. 
Table 32 Experimenlal Equipment 
Equipment Use Parameters & Settings 
Varian Cary Series Type 50 Bio UV measurement of HA Specific wavelength assignment 
UV Spectrophotometer solutions at 203 nm, 254 nm, mode with baseline correction 
300 nm, 350 nm, 464 nm, and using 0.1 mol dm-3 MES. 
664nrn. 
PhiUips PU 8730 UV measurement of HA Specific wavelength assignment 
Spectrophotometer solutions at 203 nrn, 254 nm, mode with baseline correction 
300 nm, 350 nm, 464 nm, and using O. I mol dm-3 MES. 
664nrn. 
Packard Cobra 2 Auto Gamma Measurement of "1 energies of Full counting channel window 
Spectrophotometer 137 Cs, 152 Eu, 59 Fe and 109 Cd. used 0 to 2000 ke V recorded. 
Packard TRI-CARB . 2750 Measurement of ~ energies of Full counting channel window 
TRILL Liquid Scintillation 63 Ni. used 0 to 2000 keY recorded. 
Counter DPM values adjusted to take 
into account quenching. 
Shimadzu Scientific Instruments Determination of orgaruc Calibrated using 10, 100, and 
TOC2000 ligands (EDT A, NT A, ISA, GA, 1000 ppm standard solutions. 
and PA) 
Hewlett Packard Series 11 1090 Characterisation of CDP and Chem . Station Software ©. 
HPLC with Diode Array quantification by companson Phosphate buffer mobile phase 
Detector with ISA (0.1 mol dm-3) at pH 3.2. Water 
resolve CI85 IlIlI Column. 
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Jenway pH meter and probe Measurement of all solution pR Calibrated usmg standards 
(typically pH 4, 7, and 10). 
Used only if calibration slope 
>97"10. 
3:2.7 Ligand-Mineral Binary Systems 
Ligand binary batch experiments were prepared in duplicate in addition to control sets which did not 
contain solid. Each vial was prepared with 0.1 g of solid (montrnorillonite, kaolinite or a-goethite) as 
described in section 3.2.1. To each vial 20 cm3 0fligand solution at varied concentrations, prepared in 
0.1 mol dm-3 sodium perchlorate, pH 6, were added. Each vial was mixed using a 'Whirlimixer' for 
30 seconds ensuring all the solid had not settled to the bottom of the vial. The vials were then 
equilibrated for 28 days at room temperature with constant shaking at 300 rpm. After 28 days 
equilibration the sets were used for DV Nis, TOC or radiometric measurements. 
3:2.8 Metal-Ligand-Solid Ternary Systems 
Ternary batch experiments were prepared in triplicate in addition to a control set which did not 
contain solid. Each vial was prepared with 0.1 g of solid (montrnorillonite, kaolinite or a-goethite) as 
described in section 3.2.1. To each vial 20 cm3 ofligand at varied concentrations, prepared in 0.1 mol 
dm-3 sodium perchlorate, pH 6, were added. To each vial 0.1 cm3 of radioactive \S2Eu metal stock 
solution were weighed into each vial and the weight recorded. Each vial was mixed using a 
'Whirlimixer' for 30 seconds ensuring all the solid had not settled to the bottom of the vial. The vials 
were then equilibrated for 28 days at room temperature with constant shaking at 300 rpm. After 28 
days equilibration the sets were used for DV Nis, TOC or radiometric measurements. 
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3.2.8.1 Beta Emitter (14C_ISA) 
Samples were prepared and measured as described in Section 1.2.9.1 
3.2.8.2 Gamma Emitter eS2Eu) 
Samples were prepared and measured as described in Section 1.2.9.2 
3.2.9 Metal-Ligand-Ligand-Solid Ternary Systems 
Ternary batch experiments containing two organic ligands (HA plus increasing concentrations of 
anthropogenic organic ligand) were prepared in triplicate in addition to control sets (one containing no 
solid, one containing no HA, and one containing no anthropogenic ligand). Each vial was prepared 
with 0.1 g of solid (montrnorillonite, kaolinite or a-goethite) as described in section 3.2.1. To each 
vial 10 cm3 of either 5.3 x lO~s mol dm~3 (10 ppm) or 1.06 x 10-4 mol dm~3 (2Oppm) of HA, prepared in 
0.1 mol dm-3 sodium perchlorate, pH 6, were added. To each vial 10 cm3 of anthropogenic ligand 
(EDT A, !sA, or PAl at varying concentrations (approximately covering the range of 1 x 10.0 to I x 
10-2 mol dm-3), prepared in 0.1 mol dm-3 sodium perchlorate, pH 6, were added. To each vial 0.1 cm3 
of radioactive metal stock solution CS2Eu or 63Ni) were weighed into each vial and the weight 
recorded. Each vial was mixed using a 'Whirlimixer' for 30 seconds ensuring all the solid had not 
settled to the bottom of the vial. The vials were then equilibrated for 28 days at room temperature with 
constant shaking at 300 rpm. After 28 days equilibration the sets were used for UVNis, TOe or 
radiometric measurements. 
3.2.9.1 ISAlHA Mixed Ligand Metal Mineral Ternary Systems 
For the systems containing mixed ligands of HA and ISA, several method development checks were 
necessary prior to measurement of each ligand and metal. Firstly the interference of ISA with the HA 
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spectra using the UV Spectrophotometer was eliminated (since ISA contains active cbromopbores) by 
running a full scan of the bighest concentration of !SA used in the batch experiments. Figure 44 
provides the full UV scan ofhoth HA and !SA From this it is clear that there is no interference of the 
HA signal by ISAat 350 nm. 
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- (SA 
- HA (20 pp m) 
o .~ D~----.----.----'---====::====:::;:=:==::::::; 
200 250 300 350 400 450 500 
• Wavelength 
Since ISA was measured radiometrically using a 14C ISA spike, the mixed HA !SA ternary system 
containing 152Eu required that any associated gamma counts from the 14C ISA were taken into 
account. A calibration grapb of gamma counts associated with beta counts was constructed and used 
to correct all 152Eu measurements based on the corresponding 14C using LSCs. A check was also made 
to detennine if the HA quenched the 14C ISA signal . No quenching was observed and therefore no 
quencb correction was necessary. For the mixed HA ISA ternary system containing ~i, special 
attention was given to the LSC channel counting ranges since both the 14C !SA and 63Ni are beta 
emitters and produce overlapping signals when measured together using LSC. Figure 45 illustrates the 
typical individual and composite spectra for dual label DPM measurements of 14C and ~i using LSC 
and the three defined regions of the spectrum, A. B and C. 
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Figure 45 Typical LSC Scans of "Ni and "c 
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The method used to determine where to set the LSC channels for dual counting of63Ni and 14C was as 
follows: 
1. Measure the unquenched (i.e. containing no HA) 63Ni standard. 
2. Determine DPM of Region A (i.e. 0 to 40 keY). 
3. Repeat counting procedure changing upper limit of Region A from 40 keY to 38, 36, 34, 32, 
down to 4 keY, recording the DPM of each. 
4 . Calculate the counting efficiency (CE) of 6~i standard at each setting. 
5. Repeat procedure with a 14C standard. 
6. Plot ordinate as 63Ni CE against 14C CE to establish the optinmm channel region settings. 
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The results from this procedure used for 6~i and 14e are provided in Figure 46. The optimum region 
A setting was determined as 0 to 34 keY. 
Figure 46 Optimum Region Settings for LSC Counting of "'Ni and "c 
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Once the optimum regIon settings had been established for LSe counting of 6~i and 14e, 
measurements of a series of quenched standards f3Ni plus HA, and 14e plus HA) were undertaken to 
establish the efficiency correlation. From this study it was established that the small addition of either 
5.3 X 10-4 mol dm-J (10 ppm) or 1.06 x 10-4 mol dm-J (20 ppm) of HA did produce significant 
quenching of both the ~i and 14e signal and so all data were quench corrected based on the amount 
of HA expected in the scintillation vial based on the HA solution concentrations determined by UV 
spectrophotometry. 
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Table 33 Eff"lciency Correlation Results of HA Quenched "Ni and MC 
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3.2.9.2EDT AlHA Mixed Ligand Metal Mineral Ternary Systems 
For the systems containing mixed ligands of HA and EOT A. several method development checks 
were necessary prior to measurement of each ligand and metal . Firstly the interference ofEDTA with 
the HA spectra using the UV Spectrophotometer was eliminated (since EOT A contains active 
chrornophores) by running a full scan of the highest concentration of EDTA used in the batch 
experiments. Figure 47 provides the full UV scan of both HA and EOT A From this it is clear that 
there is no interference of the HA signal by ISA at 350 nm. 
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Method development was also necessary for the analysis procedure used for the determination of the 
EDTA. Since it was deemed more accurate to use an MES buffer for all the mixed ligand ternary 
systems the determination of the EDTA concentration was not possible using TOC analysis due to the 
high carbon content of MES. For this reason a standard back titration analytical procedure was 
developed for determination of the EDT A content in the batch experiment. The procedure used was as 
follows: 
1. Once samples were taken for all radiometric measurements ('3 Ni or 1'~U) and a sample taken 
for the UV measurements (HA) the remaining solution was then acidified to below pH 2 with 
acid and filtered through a 0.2 J.lm filter to remove the precipitated HA. 
2. The filtrate was then back-titrated with various concentrations of FeCh (aq) mixed with 5-
sulfosalicyclic acid (SSA) as an indicator. The end point was determined 
spectrophotometrically using the UV probe. 
This method was calibrated and tested prior to batch experimental analysis with a minimum detection 
limit of 5 x 10-' mol dm-3 EDTA. Further details of the method can be found in Davis et aI [270). The 
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formation of the Fe-EDTA complex during the back titration was assumed to be the tetraanion 
(EDT A'1 to describe the formation reaction. The advantage of using the 5-sulfosalicyclic acid (SSA) 
was that its pH range lies below 2, wruch coincides with the ability of EDTA to be preferentially 
reactive towards Fe3+ ions quantitatively. An example of the titration calibration graph used for the 
low EDT A concentration range is illustrated in Figure 48. 
Figure 48 Iron SSA EDTA Back Trtration Calibration for low [EDTAl range 
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3.2.9.3 PAlHAMixed Ligand Metal Mineral Ternary Systems 
For the systems containing mixed Iigands of HA and PA, the interference ofPA with the HA spectra 
using the UV Spectrophotometer was not eliminated since the full scan of the rughest concentration of 
PA used in the batch experiments did have a signal very close to the 350 om region of the UV spectra. 
Figure 49 provides the full UV scan of both HA and PA. From this it is clear that there is no 
interference of the HA signal by PA at 350 nm, however there is interference of the PA signal by the 
HA at 265 om and up to a wavelength of approx 345. 
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Since the determination of PA for the mixed ligand ternary systems was also analysed by UV 
spectrophotometry, a HA calibration graph was constructed which correlated the HA peak at 350 nm 
with the peak at 265 om. A check was also made to ensure the ratio A2f>sI AlSO remained constant for 
varied concentrations of HA For the analysis of the batch samples, two absorbance measurements 
were recorded at 350 om and 265 nm, the peak at 350 om was assumed to be from the HA alone. The 
absorbance value at 350 om was also used to calculate the HA contribution of absorbance expected at 
265 nm. This value was then subtracted from the actual absorbance recorded at 265 nm and the 
remainder assumed to be the contribution from the PA. This method was used, however results were 
only analysed as a guide since it was deemed that considerable error may be associated with 
determining the PA via this method due to a high possibility of interference of the HA peak at 350 nm 
by the PA. 
3.2.10 Ligand - mineral (Ro) determination 
Rd2 was calculated for each organic ligand mineral binary system. Using the UV spectrophotometric 
(picolinic Acid), TOe (Gluconate, NTA, and EDTA), and radiometric measurements (lSA), the 
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amount of organic ligand sorbed (mol kg-I) and the amount of organic ligand remaining in solution 
(mol dm-3) was determined for each ligand concentration and thus each Rd2 calculated. 
Total organic carbon concentrations were measured on a Shimadzu TOC 5000 carbon analyzer as 
nonpurgeable organic carbon. The instrument was calibrated from 5 to 1000 mg CL-I. The precision 
of analyses, as measured by standard deviation. was <2-5%. 
3.2.11 Ligand - metal (Rd3) determination 
The metal ligand stability COnstantp3 (or R,13) for lSA and GA at neutral pH and ionic strength 0.1 M 
were previously determined at Loughborough [77] and the remainder were taken from the NIST 
Database [271 ]. 
Table 34 Eu" and Ni"' Metal Ligand Stability Constants 
Complexing Ligand Eu3+-Ligand Stability N?+-Ligand Stability Stoichiometry 
Constant Oog P3) Constant OOgP3) of Complex 
ISA 3.14 ± 0.32 2.20 ± 0.36 1 :1 
GA 2.82 ± 0.30 1.75 ± 0.66 1:1 
EDTA 17.25 ± O.10 18.4 ± 1.0 I:J 
NTA 9.65 ± 3.0 5.35 ± 8.0 1:1 
PA 3.99 ± 8.0 6.72 (no error I:J 
reporte<l) 
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3.3 Results & Discussion 
3.3.1 BA & Anthropogenic UV & TOe calibration grapbs 
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Figure 51 EDTA TOC Calibration Graph 
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UV recordings were taken for each PA concentration at an absorbance of 265 om on the UV Type 
Varian Cary Series 50 Bio Spectrophotometer. TOC measurements were also taken. The respective 
calibration graphs are shown Figure 53 and Figure 54. 
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Figure 55 Gluconic Acid TOC Calibration Graph 
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3.3.2 Anthropogenic Ligand Binary Systems 
1.E-02 
1.E-02 
An example of a sorption isotherm of ligand to a mineral is illustrated in Figure 56, showing the 
sorption of EDT A to rnontmori lion ite. As described in the experimental, the linear part of each 
isotherm was taken as the Ro value, (units of dm) kg-I ), calculated by the slope for that section. Where 
insufficient sorption occurred and hence construction of a sorption isotherm was difficult, the Ro data 
and % bound data are presented as an alternative. These data are supplied in Appendix A For all the 
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ligands studied a summary compilation of each 1tJ value at a given ligand concentration is provided in 
Table 35 to Table 37. 
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Table 35 Montmorillonite Ligand Binary ~ Data 
Rd (kg-' dm3) 
LigandV mol dm-3 EDTA NTA ISA GA PA 
1.00E-Q6 147 
5.00E-Q6 47 
1.00E-Q5 33 731 
5.00E-Q5 73 10761 
1.00E-Q4 6 97 36 50 2755 
5.00E-Q4 5 65 18 68 178 
1.00E-Q3 5 47 26 62 162 
5.00E-Q3 3 15 23 10 
1.00E-Q2 1 2 27 <1 
5.00E-Q2 3 12 6 
1.00E-Q1 11 
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Table 36 Kaolinite Ugand Binary Rd Data 
Rd (kg-' dm3) 
n· mOldm"" EDTA NTA ISA GA PA 
1.00E-06 29 
5.00E-06 57 
1.00E~ 46 ~7 
5.00E~ 42 160 
1.00E4I 4 81 11 <1 170 
5.00E4I 3 71 3 42 37 
1.00E~3 1 31 15 28 28 
5.00E~3 0 10 5 15 
1.00E~2 <1 <1 8 12 
5.00E~2 . <1 6 <1 
1.00E~1 10 
Table 37 Goethite Ugand Binary RdData 
Rd (kg-' dm") 
\UgandJ/ mol dm-3 EDTA NTA ISA GA PA 
1.00E-06 12 
5.00E-06 6 
1.00E~ 7 438 
5.00E~ 7 213 
1.00E4I 5 171 27 <1 163 
5.00E4I 4 120 18 29 36 
1_00E-03 3 75 19 16 18 
5.00E-03 1 20 18 1 
1.00E~ 1 7 16 <1 
5.00E~ < 1 6 <1 
1.00E-01 7 
From these dati it is clear that the extent to which the different organic Jigands sorb to the various 
minerals varies from almost zero sOlption to some considerably high sorption distribution ratios. In 
general the PA sorbs the strongest to all the minerals and in particular to montmorillonite. Similar 
results have been reported previously for P A albeit that they are scarce in the literature [272). In a 
study of PA sorption by a field soil at neutral pH the high sorption coefficients were explained by the 
presence of the PA as a zwitterion at neutral pH and its ability to chelate [272). These results also 
compare well with another two similar studies where PA sorption was reported to reach 
approximately 70"10 of a 4 xl 0-5 M PA concentration onto iron oxide at pH 6 [234] and a maximum of 
50"10 of2 x lO-<; M PA onto goethite, lO g L-1) [273). These high sorption coefficients were explained 
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by the ability of the PA to bind to the goethite surface via both the carboxyl group and nitrogen 
heteroatom (i.e. as a zwitterion as described before). It was also explained that PA adsorbs better to 
goethite than to kaolinite or montrnorillonite due to its ability to chelate surface bound Fe:;1- atoms. 
However the results presented here show considerably high sorption to montrnorillonite. 
Also quite highly sorbing was NT A Unfortunately due to the high detection limit of the TOC 
analysis, measurements of NT AlEDTA and GA at low ligand concentration was not possible so it is 
not possible to know for sure to what extent the sorption would have reached at the low NTA 
concentrations. From looking at the available data and from the knowledge that it is likely that 
sorption strength would increase at lower solute concentration it can be assumed that distribution 
ratios would have been significant at the lower concentrations particularly for goethite. 
Surprisingly the distribution coefficients for EDTA are much lower than those of NTA This 
difference has been reported previously and was explained by the fuet that above pH 6, NT A and 
EDT A both possess a protonated amine group and adsorb to the same extent Whereas below pH 6, 
EDT A has two protonated amine groups, and adsorbs to a lesser extent than NT A This behaviour is 
demonstrated by the extremely large difference between the distribution ratios of EDT A and NT A 
sorption to goethite. Here the extra positively charged amine group of the EDTA would be expected 
to inhibit adsorption to the positively charged goethite [274]. 
Contrary to this some investigators have reported relatively large sorption coefficients (up to 90 % 
sorption) ofEDTA [lxl0-5 M] onto hydrous ferric oxide (HFO), at pH 6, 0.1 M NaN0:3 [216]. In this 
study although high sorption was recorded it was also reported that sorption decreased significantly to 
near 0"10 between pH 6 and pH 7. This was attributed to formation of the dominant solution complex 
of HEDTA3-. From all the available literature it would appear that the sorption of EDTA onto 
minerals is extremely sensitive to solution pR Therefore it seems necessary to clearly state that the 
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pH of the biruuy ligand experiments of NT A, EDT A and GA were not canied out with a buffer, but 
instead an experimental procedure of preconditioning of the mineral and then solution adjustment 
with minimal acid or base as described in detail in Section 3.2.1. During this experimental, significant 
drift of pH occurred in the solutions of EDT A and NT A, particularly with montmorillonite. To 
achieve a final pH of 6, it was often necessary to set-up the experimental vials at pH 8 for example 
which would then drift to 6 over the course of the experiment Therefore it is important to bear in 
mind the obvious errors that might be relevant and associated with pH drift. Another important aspect 
that was highlighted in the literature involving EDT A and NT A is their ability to accelerate the 
dissolution of silicate and oxide minerals [275). It has been shown that NT A can promote goethite 
dissolution below pH 6 and across the whole pH range for EDTA [276). For the binary experiments 
and results discussed here the dissolution of mineral was assumed to be negligible, however this is 
another source of error in the experiments. 
The organic Iigands of ISA and GA also provided considerable sorption coefficients particularly at 
low concentrations. From comparison of the data, at relatively high concentration it can be seen that 
the GA appears to be slightly more smiling onto all the minerals compared with ISA. Assuming that 
the GA reactivity would be similar to the ISA reactivity towards the mineral surface across the whole 
concentration range, from the !SA measurements at low ligand concentration it can be inferred that 
significant ligand sorption, both of ISA and GA is possible, and again, it is particularly high onto 
montmorillonite. Very little research exists in the literature of !SA and GA sorption to minerals at 
neutral pH and so it is not possible to compare the results presented here with others reported as they 
are not directly comparable. 
The sorption results for authentic cellulose degradation products (ACDP) are illustrated below. Unlike 
the other organic ligands studied, a series of concentrations was not possible since the' method used to 
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produce ACDP produced a concentration of relatively low carbon content and so dilution was not 
possible as the ACDP would then be below the detection limit of the TOC. For this reason single 
results are presented in Table 38 to Table 40. The cellulose degradation mixture used for the study 
was comparable to an ISA concentration of 5 x 10'" mol dm-3. 
Table 38 ACDP Montmorillonite Sorption Data 
Initial pH 11.5 7.0 4.5 8.0 
Final pH 12.0 4.6 4.0 7.1 
% Sorption 122 92 <1 24.3 
Table 39 ACDP Kaolinite Sorption Da1a 
Initial pH 11.5 7.0 4.5 8.0 
Final pH 13.1 5.9 4.5 7.2 
% Sorption 1.8 3.1 <1 28.1 
Table 40 ACDP Goethite Sorption Da1a 
Initial pH 11.5 7.0 4.5 8.0 
Final pH 13.1 6.9 5.1 72 
% Sorption 5.0 <1 <1 2.4 
As already mentioned previously the buffering capacity of each mineral is clearly demonstrated by 
comparing the initial and final solution pH of each ACDP-mineral experiment From the limited 
results presented it can be suggested that in general sorption of ACDP to any of the minerals is 
insignificant The only sorption observed for ACDP is onto the clays at pH 7 to 8. These data 
compared well with those of ISA and GA where the least sorption is observed onto goethite, and 
relatively low sorption onto kaolinite and montrnorillonite. 
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3.3.3 Anthropogenic Ligand Ternary Systems 
3.3.3.1 ISA 
3.3.3.1.1 Eu3+ Sorption in the Presence of [SA and [SAlHA Mixtures 
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The results of the europium sorption onto montmorillonite, kaolinite and goethite show that in the 
presence of ISA the Eu3+ sorption distribution ratio is reduced across the entire ISA concentration 
range. The extent of Ra reduction increases as the ISA concentration increases. The Eu3+ ternary 
systems with ISA were carried out at first with a solid solution ratio of 0.1 g of solid in 20 cm3 of 
solution (S:S equal to I :200) and then repeated with a solid solution ratio of I g of solid to 20 cm3 of 
solution (S:S equal to I :20). The results of the Eu3+ sorption to minerals as a function of increasing 
ISA concentration for the S:S ratio equal to I :200 are illustrated in Figure 57 and the results from the 
S:S ratio equal to I :20 are illustrated in Figure 58. 
For the S:S ratio equal to I :200 data, the Eu3+ sorption is reduced considerably by the presence of 
ISA. It is also observed that for the very low ISA concentrations, the Eu3+ sorption onto goethite is 
very slightly enhanced. 
The data for the lower S:S ratio do not however show such dramatic sorption reduction by the 
presence ofISA. This is most likely due to the greater surface area of mineral available to the Eu3+ to 
sorb to and thus more ISA would be required to compete with the mineral surface. It is also possible 
that with more surface area, the ISA may sorb to the mineral itself and/or form ternary surface 
complexes with the Eu3+ and therefore form less aqueous Eu3+ ISA complexes. 
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Figure 51 Eu" Sorption to Minerals in the Presence of ISA (5:5 Ratio Equal to 1 :200) 
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Figu~ 58 Eu" Sorption to Minerals in the Presence of ISA and ISAlHA Mixtures (5:5 Ratio Equal to 
1:20) 
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From analysis of the Eu3+ sotption data in the presence ofISA, HA, and ISAIHA mixtures it can be 
seen that where the S:S ratio is higher, the ISA is capable of reducing the Eu3+ sotption considerably. 
The effect ofISA on Eu3+ sotption is greatest for kaolinite and montmorillonite and least for goethite. 
\ -
For the goethite system at the low ISA concentration, enhanced Eu3+ sotption is observed. The 
enhanced Eu3+ sotption indicates that the ISA is capable of enhancing metal sotption either through 
charge alteration of the surfuce (the ISA is negative and therefore could impart negativity to the 
mineral if sorbed) or by forming a bridge between the Eu3+ and the mineral. 
To investigate this further it is better to analyse the Eu3+ and ISA sotption in the lower S:S ratio 
experiments. Where more mineral surfuce is available, it is more likely that the ISA will sorb and 
therefore possibly provide further evidence for which type of surface species exist either of the Eu3+ 
or ISA. The Eu3+ sotption results in the lower S:S ratio experiments do not illustrate the same sotption 
reduction due to the presence of ISA as that displayed in the results of the higher S:S ratio 
experiments. By analysing the ISA sotption data in the presence of Eu3+ this can be explained by the 
much higher ISA sotption and therefore less aqueous Eu3+-ISA complex formation. To determine if 
the Eu3+ is bridging 'the ISA, evidence for an increase in ISA sotption due to the presence of trace 
metal can be sought No ISA enhancement is observed in the clay systems although the ISA sotption 
is increased by the presence of trace Eu3+ onto goethite. 
An obvious explanation as to the major difference observed between the clays and the goethite is to 
consider the differences in surface charge. It would seem plausible that the additional positive charge 
of the goethite could attract the ISA to a greater extent However the binary ISAmineral results do not 
reflect this since the ISA distribution onto the goethite is similar to that of kaolinite and 
montmorillonite. Another approach would be to consider the bridging of ISA by the Eu3+. In this 
scenario it would be expected that the ISA distribution on the mineral would increase in the ternary 
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system, which is supported by the goethite ternary data. This would infer the formation of ternary 
complexes of type A It might be possible that when Eu3+ sorbs to the clay minerals, their negative 
charge can neutralise the positive charge of the bound Eu3+ and as such no further complexation (or 
less complexation takes place) of the Eu3+ with the negative ISA In the case of the goethite surface, 
the mineral can impart positive charge to the Eu3+ therefore causing less charge repulsion between the 
Eu3+ and the negative ISA molecule. 
Without the use of spectroscopic investigations it is not possible to speculate further about the likely 
surface species present in the systems investigated as there is little research available in the literature 
to support any possible theories. The ability ofISA to affect the interactions of trivalent actinides with 
cement has been previously reported in the literature [277][244]. The results presented here compare 
well with these investigators and particularly those of Pepper et ai, who demonstrated a reduction in 
La3+ sorption to goethite in the presence of an equimolar concentration of GA above pH 7, but that 
La3+ sorption onto goethite was relatively unaffected by the presence of Gluconic acid below pH 7 
[209]. These results were described by the possibility of a metal organic ternary complex of the 
following type: 
Such a mineral surface species is conceivable with both Ni2t and Eu3+ with ISA, since at pH 6 the 
majority of the ISA is in the form ISK and a-D-isosaccharinate [278][252]. 
The only other similar studies to compare the data with are those of Eu3+ sorption to minerals such as 
feldspar [279], Portland cement [280], and hydrated cement pastes [281] all carried out in the 
presence of both ISA and GA at high pH (i.e. -pH 13). All these studies observed the reduction in 
Eu3+ sorption interpreted in terms of complex formation in solution of the Eu3+ with either ISA or GA. 
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These studies all infer that the presence of ISA or similar complexes like GA will result in the 
formation of aqueous radionuclide ligand complexes, thus reducing the sorption of Eu3+ and 
consequently increasing its mobility. From the results presented here it can be seen that where the S:S 
ratio is high this observation is likely and particularly for negatively charged surfaces such as the clay 
minerals used here. However the results presented here also demonstrate that if enough mineral 
surfuce is present, the formation of surfuce species is preferred and possibly even ternary surfuce 
species are possible at considerably high ISA concentrations (greater than 1 x 10.3 mol dm-3). 
Also illustrated in Figure 59 is the effect ofISNHA mixtures on Eu3+ sorption at the lower S:S ratio 
of 1 :20. The presence of HA has no effect on the goethite systems in that the Eu3+ sorption is similar 
to that both in the presence of HA alone or ISA alone. For montmorillonite and kaolinite the addition 
of 5.3 x 10-5 mol dm-3 (10 ppm) HA reduces the Eu3+ sorption byapprox 5 % compared with ISA 
alone. The addition of slightly less HA, 2.65 x 10-5 mol dm-3 (5 ppm), reduces the Eu3+ sorption by 
more onto montmorillonite (by approx 10 %) but for kaolinite the Eu3+ sorption is slightly enhanced. 
Overall it would appear that the addition of HA does not significantly alter the Eu3+ sorption 
distribution onto any of the minerals. This is surprising since the stability constants ofEu3+ with each 
ligand are considerably different. The stability constant ofEu3+ with HA (log P = 8.25) is much 
greater that of Eu3+ with ISA (log P = 3.(4) and hence it was expected that the Eu3+ distribution would 
be controlled predominantly by the HA. 
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3.3.3.1.2 Ni+ Sorption in the Presence of [SA and [SAIHA Mixtures 
The results of the Ni2+ sorption to minerals as a function of increasing ISA concentration for the S:S 
ratio equal to I :20 are illustrated in Figure 59. 
The Ni2+ ternary systems with ISA were carried out with a solid solution ratio of 1 g of solid to 20 
cm3 of solution (S:S equal to 1:20). Therefore it was expected that metal would sorb in the range 
similar to that shown for the same S:S ratio for Eu3t results. As expected the results of the nickel 
sorption onto montmorillonite and kaolinite show that in the presence ofISA the Ni2+ sorption 
distribution ratio is only slightly reduced across the entire ISA concentration range. This infers that 
for the clays ISA sorption is occurring either at separate sites to the Ni2+ or via Iype A ternary species. 
Unlike the Eu3+ systems, for goethite, the Ni2+ sorption is significantly reduced by the presence ofISA 
and the extent of ~ reduction increases as the ISA concentration increases. This would infer that the 
ISA is less sorbing and causes the Ni2+ to form aqueous Ni2+-ISA complexes rather than sorb onto the 
mineral. It is possible that for the case of goethite the positive charge of the mineral can mean it less 
favourable for the Ni2+ to sorb and support a type A ternary complex with ISA. 
The Ni2+ sorption results in Figure 59 also illustrate that for montmorillonite and goethite, the addition 
of HA makes little difference to the Ni2+ sorption compared with the ISA alone. However for kaolinite 
the addition of HA (for both HA concentrations) reduces the Ni2+ sorption considernbly by approx 
20"10 consistently across the entire ISA concentration range. This could be explained by the 
preferential absorption of Ni2+ to HA rnther than the minernl. If the HA is less sorbing that the ISA., 
then the Ni2+ will be dominated by the HA distribution and hence sorb less also. 
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Figure 59 Ni" Sorption to Minerals in the Presence of ISA and ISAlHA Mixtures (S:5 Ratio Equal to 1 :20) 
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3.3.3.1.3 [SA Sorption in the Presence of Trace Metal (E?) for S:S Ratio 1 :200 
In the presence of trace Eu3+ the sorption ofISA to kaolinite and montmorillonite is approximately the 
same as the ISA sorption to kaolinite and montmorillonite in the absence of tIaoo metal. For goethite 
however the sorption oflSA in the presence of trace Eu3+ is enhanced. The enhancement is greatest at 
the low ISA concentrations where the ternary ISA ~ is 4 to 5 times larger when compared with the 
binary ISA~. The ISA~data·are presented below in Table 41. From these data it is clear that where 
an IS~):ISAm ratio is greater than 1, ISA sorption reduction is taking place, and where the ratio is 
less than 1, ISA sorption enhancement is taking place. 
Table 41 Binary and Ternary !SA R" Data 
R d Unils kg-I dm3 
Montmorillonite Kaofinite Goethite 
[ISA]jmol ISA ....... ISA Ternary ISA(B):1 ISA ....... ISA Ternary ISA(B):I ISA BnIfy ISA Ternary ISA(B):1 
dm-3 SA(T) SA(T) SA(T) 
l.00E-<J6 147 94 1.6 29 23 1.2 12 56 0.2 
5.00E-()6 47 101 0.5 57 18 3.1 6 35 0.2 
1.00E-{)5 33 102 0.3 46 36 1.3 7 70 0.1 
5.00E-{)5 73 70 1.0 42 33 1.3 7 49 0.1 
1.00E-04 36 33 1.1 11 18 0.6 27 37 0.7 
2.50E-04 18 47 0.4 3 25 0.1 18 37 0.5 
5.00E-04 26 31 0.8 15 16 1.0 19 28 0.7 
7.50E-04 23 18 1.3 5 8 0.7 18 13 1.3 
1.00E-{)3 27 34 0.8 8 16 0.5 16 26 0.6 
2.00E-03 12 10 1.3 6 6 1.0 6 2 3.1 
5.00E-03 11 16 0.7 10 8 1.2 7 9 0.7 
1.00E-02 6 17 0.4 2 18 0.1 2 19 0.1 
5.00E-02 9 11 0.8 10 5 1.8 2 6 0.3 
1.00E-{)1 2 8 02 4 8 0.5 2 12 02 
3.3.3.1.4 Metal [SA CO"elations within Ternary Systemfor S:S Ratio 1:200 
To establish whether a correlation exists between the ISA surmce coverage and the sorption ofEu1+ at 
varying ISA concentrations, the metal (Eu1) distribution as an Rd has been plotted against the ISA 
distributjon as an~. Refer to Figure 60. 
Chapter 3 Anthropogenic Ligand Binary & Ternary Systems Page 215 of 278 
Figure 60 !SA R" and Eu" R" Ternary System S:S Ratio 1 :200 Conelations 
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AJthough there is much scatter, the graphs shown in Figure 67 for the europium montmorillonite ISA 
ternary systems provide an illustration of the weak correlation between the Eu3+ and the ISA As 
shown in Figure 60, the slope of the straight line through the data is given as greater than 1 which 
means that significantly more metal is sorbed to the solid than might be expected if it were to follow 
the ISA distribution alone. Tbe data also show a similar trend as earlier demonstrated in the bumic 
ternary systems where a significant increase in the metal ~ to ligand ~ ratio is observed at the bigher 
ISA concentrations and/or decreasing % ISA sorbed. To establish a relationship between the apparent 
metal "metalJHA correlation rnctor" and the extent of ISA sorption a graph of the metaIJHA 
correlation factor versus the total ISA sorption as a percentage of that available in the system bas been 
plotted, as shown in Figure 61 . From the grapb it is clear that for all the systems at all the ISA 
concentrations, the metallHA correlation rnctor ratio indicates a mucb higher amount of metal 
sorption than if it were following the ISA distribution alone and that this effect is greatest at the low 
HA concentrations. 
Figure 61 Metal/HA correlation factor versus % ISA Bound for Eu" Ternary Sys1lems 
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3.3.3.1.5 [SA Sorption in the Pre!lence of Trace Meflll (E1l3+ & Ni) for S:S Ratio 1:20 
From analysis of the Eu3+ and Ni2+ ISA sorption distributions for these systems it was suspected that 
there was considerable sorption oflSA taking place on. the mineral both in the absence and presence 
of trace metal. The ISA sorption in the presence of both Eu3+ and HA is shown in Figure 62. The ISA 
sorption in the presence of both Ni2+ and HA is shown in Figure 63. 
The ISA sorption data for the Eu3+ systems illustrate that the ISA in the absence and presence of trace 
Eu3+ is highly sorbing onto all the minerals studied and across the entire ISA concentration range. For 
montmorillonite the addition ofEu3+ does not alter the sorption of ISA This infers that Eu3+ and ISA 
are sorbing independently and probably to separate sorption sites on the mineral. This is likely to be 
due to large surmce area available at the low S:S ratio used in the experiment For kaolinite, the 
addition of trace Eu3+ reduces the ISA sorption. This could be due to several reasons. The first. is the 
competition of surface sites between ISA and Eu3+. The second is the possibility of preferred 
formation of aqueous Eu3+-ISA complexes. However for goethite the ISA sorption is enhanced and 
therefore' supports the theory suggested by analysis of the metal sorption data that either ternary 
surmce complexes exist of the type goethite-Eu3+ -ISA or that the sorption of ISA alters the surmce 
charge of the goethite such that it can attract and therefore sorb more Eu3+ 
The results oflSA sorption in the presence of Ni2+ follow a similar distribution for that displayed by 
ISA in the presence of Eu3+ for kaolinite and goethite. The only surprising results are those of 
montmorillonite where the ISA sorption is considerably enhanced in the presence of Ni2+. This was 
not expected since similar sorption was not observed in the Eu3+ system and no metal enhancement 
was observed in the Ni2+ ISA montmorillonite ternary system. In this case it is expected that ternary 
type A metal complexes are present (i.e. mineral-Ni2+ -ISA). 
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Figure 62 ISA Sorption to Minerals in the Presence of Trace Eu" and HA 
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Figure 63 ISA Sorption to Minerals in the Presence of Trace Nr and HA 
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In Figure 62 and Figure 63 the distributions of ISA in the presence of HA are also shown. Onto both 
kaolinite and goethite, in the absence of trace metal, the addition of HA has little effect on the ISA 
sorption. For montmorillonite however the addition of HA reduces the extent ofISA sorption. 
In the presence of trace metal, for the Eu3+ systems, the addition of HA has no effect on the ISA 
distribution for the goethite system. However, for both the clays the presence of HA reduces the ISA 
sorption. These observations suggest that the HA and ISA might be competing fur sorption sites such 
that HA mineral is the dominant surface complex, but that HA does not facilitate the same ternary 
surface complex as propsed for ISA. The evidence for this is especially shown in the goethite system 
where the ISA sorption is enhanced by the presence of Eu3+ but when the ISA is in a mixture with 
HA, the ISA sorption returns to that similar in the ISA binary system. This is likely due to the 
preferential coordination of the Eu3+ to the HA, and therefore less Eu3+ available to bridge the ISA to 
the mineral. 
A similar argument can be made for the Eu3+ montmorillonite system. For montmorillonite, the results 
support the hypothesis that from the Eu3+ ISA montmorillonite system ternary surface complexes 
exist. For this system the addition of HA reduces the Eu3+ sorption to montmorillonite to lower than 
that for the Eu3+ ISA system. These data could support the idea that the distribution ofEu3+ and ISA 
to the mineral are somehow associated with one another. It seems likely that the HA can out compete 
the ISA for the Eu3+, which is expected based on their respective stability constants. If the HA does 
sorb to the mineral at other surface sites, then the effect of the addition of HA will be to cause more 
Eu3+ to form either aqueous Eu3+ -HA complexes or from ternary type B complexes with mineral 
bound HA, either way less Eu3+ is available on the mineral surface to bridge the ISA to the 
montmorillonite, and therefore a reduction in the ISA sorption would be observed. The data for the 
metal distribution and ISA distribution (and HA distribution) support this theory. Conversely for 
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kaolinite the results are similar to that of montrnorillonite in that the addition of HA reduces the ISA 
sorption, compared with the ISA binary system. However, for kaolinite the addition of HA produces 
results that provide similar ISA sorption to that of the Eu3+ ISA ternary system and so it is probably a 
more simple case in that the ISA in the presence of Eu3+ whether alone or also with addition of HA 
prefers to from aqueous complexes rather than sorb independently or as a ternary complex to the 
kaolinite sunace. 
For the Ni2+ montrnorillonite and goethite systems, the sorption of ISA is unaffected by the presence 
of HA It is possible that similar to that discussed for the Eu3+ montmorillonite and goethite systems, 
ternary Complexes are present on the mineral surface due to the bridging of the trace metal, in this 
case the N?+. Interestingly the fact that the addition of HA makes little difference to the N?+ sorption 
compared with the Ni2+ in the presence of ISA suggests that the HA and ISA are coordinating 
similarly to the Ni2+ and therefore it makes little difference to the metal as to which is bound. It would 
be expected that the HA would bind preferentially and this can be supported by the enhanced HA 
sorption in the mixed ligand system. 
For kaolinite however the presence of HA enhances the ISA sorption in the presence of N?+ which 
also. suggests that there could possibly be a type of mixed ligand surface mineral species centred 
around the combined reactivity of both the Ni2+ and HA with ISA and the kaolinite. This is especially 
possible since the HA sorption is enhanced also for this system. 
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3.3.3.1.6 HA Sorption in the Presence of Trace Metal (E? & Nf+) & ISA for S:S Ratio 
1:20 
To complete the total holistic approach to understanding the exact distrihution of each component in a 
mixed ligand of ISA with HA temary systems, the HA distributions in each system for Eu3+ are 
illustrated in Figure 64 and the same for N?+ in Figure 65. 
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Figure 64 HA Sorption to Minerals in the Presence of Trace Eu3+ and ISA 
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Figure 65 HA Sorption to Minerals in the Presence of Trace Ni" and ISA 
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These sets of data illustrate that in both metal systems the HA is strongly bonding to each of the 
minerals. For the Eu3+ systems, the distributions whether they are in the presence of Eu3+ or Eu3+ and 
ISA are all relatively similar. This suggests that for these systems, when Eu3+ is present, no or little 
ternary complexes exist of type A (mineral - metal - ligand). These data support the theory that the 
HA can out compete the ISA for the Eu3+ and hence reduce the amount of Eu3> available to support 
type A mineral-Eu3+-ISA complexes. Instead it seems plausible that type B ternary mineral-HA-Eu3+ 
complexes form and/or there is individual sorption of each species to separate sorption sites on the 
mineral. 
For the Ni2+- systems, a slight difference can be seen in the distribution of HA in the absence of trace 
Ni2'. For these data there is a clear drop in HA sorption onto all the minerals in the absence of metal. 
This suggests that either the Ni2+- can compete with both the ISA and HA for mineral sorption sites or 
more likely that the Ni2+- is capable of bridging the HA to form type A ternary complexes which is 
postulated based on the evidence from analysis of the metal and ISA distributions. This hypothesis is 
not surprising since similar evidence was shown in the Chapter 1 both in the HA Ni2+ ternary system 
results and supported by spectroscopic evidence in the literature. 
3.3.3.1.7 Conclusions 
In the Eu3+ ternary systems with ISA, the evidence supports the theory that type A ternary complexes 
(mineral-Eu3'-ISA) exist. This is supported by enhanced ISA sorption in the presence of Eu3+ onto 
montrnorillonite. The same conclusion can be drawn from the enhanced Eu3+ sorption by the presence 
ofISA onto goethite since a charge correlation between the goethite and the clays and ISA sorption is 
not observed in the ISA mineral binary systems. For this reason it would seem more likely that the 
Eu3+ is facilitating the ISA sorption. 
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In these systems the ability of ISA to reduce Eu3+ sOlption is also illustrated and explained by the 
aqueous furmation of Eu3+ -ISA complexes where the S:S ratio is high. The data also illustrate the 
possibility of the sorption of Eu3+ and ISA onto separate mineral sumce sites which is thought to be 
the case particularly for kaolinite systems where the addition of Eu3+ dramatically reduces the extent 
ofISA sorption. In this case it is suggested that the Ni2f- mineral interaction is preferred and as such 
can coinpete with the ISA for sorption sites. 
The addition of HA into Eu3+ ISA systems provides evidence to suggest that the HA competes with 
the ISA and mineral for the Eu3+ which is expected based on the high Eu3+ -HA stability constant This 
has the effect of reducing the Eu3+ sorption onto montmorillonite, possibly due to the formation of 
type B ternary sumce complexes with HA rather than type A ternary sumce complexes with ISA. 
For goethite and kaolinite the HA has little effect on metal sorption compared with the ISA alone, 
although it is observed that the HA does reduce the extent of ISA sorption and so it is inferred that the 
HA and ISA act fairly similarly towards the metal. It is thought that the two organic ligands both sorb 
to the mineral and can fucilitate ternary complexation of the metaL albeit in different stereo-
chemistries and hence provide slightly different sorption distributions with respect to the Eu3+. 
For the Ni2+ ISA ternary systems clear evidence exists to support the presence of type A ternary 
complexes of the Ni2f- with both HA and ISA. Unlike the Eu3+ systems, there is very little reduction in 
metal sorption onto either of the clays by the presence of ISA because the ISA itself is highly sorbing,· 
so much that it is enhanced by the presence of Ni2+ For the clays it is also interesting that the 
presence of HA acts in a similar manner to that of the ISA, such that type A ternary complexes or 
even mixed ternary sumce complexes are suspected. If the ISA and HA both coordinate to the Ni2f-
via type A ternary complexes then this can explain why little difference is seen in the metal 
------- ------
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distributions as the Ni2+ IS unaffected by the sorption of HA and ISA so long as the both are 
predominantly bound. 
For the Ni2+ goethite systems the addition of ISA reduces the Ni'+ sorption considerably, this is 
explained by the repulsion of the slightly positive goethite surlilce to facilitate type A ternary 
complexes with ISA From analysis of the ISA distribution it would seem that the ISA competes for 
the surlilce with eth Ni2+ and sorbs preferentially. Because of the positive goethite surlilce it might be 
that the negative charge of the bound ISA is neutralised and therefore not facilitate further co 
adsorption ofNi2+ via type B ternary complexation. 
3.3.3.2 EDTA 
3.3.3.2.1 E.I+ & N;J+ Sorption in the Presence of EDTA & EDT A/HA Mixtures 
The results of the europium sorption onto montmorillonite, kaolinite and goethite show that in the 
presence of EDTA the Eu3+ sorption distribution ratio is reduced across the entire EDTA 
concentration range. The extent of R.J reduction increases as the EDT A concentration increases. The 
Eu3+ mineral % sorbed values as a function of increasing EDT A concentration are illustrated in Figure 
66. The same trend in results can be seen for the nickel sorption onto montmorillonite, kaolinite and 
goethite in the presence of EDT A The Ni2+ mineral % sorbed values as a function of increasing 
EDTA concentration are illustrated in Figure 67. For both metals the reduction of metal sorption due 
to the presence of EDT A is greatest for kaolinite and almost identical for montmorillonite and 
goethite. But the most striking observation in these data is the difference between the Eu3+ and Ni2+ 
sorption reductions. The EDT A can reduce the amount of Eu3+ sorbed at much lower EDT A 
concentrations and to a much greater extent compared with Ni2+. 
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Figure 66 Eu" Sorption to Minerals in the Presence of EDTA and EDTAlHA Mixtures 
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Figure 67 Ni" Sorption to Minerals in the Presence of EDTA and EDTAlHA Mixtures 
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From the significant Eu3+ sorption reductions in the presence of EDTA shown in Figure 66, the 
presence of surface ternary complexes is unlikely. The dominant complex species is probably the 
aqueous Eu3+ EDT A aqueous complex. There is limited data concerning trivalent EDT A mineral 
systems available in the litemture [282).. Of the studies available, researchers have reported similar 
observations of drnmatic metal sorption to oxides and minerals in the presence of EDT A 
[283][214][284). Explanation of these data focussed on the competition between the ligand and oxide 
surmce for competition of the metal ion. 
It would appear that trivalent metal EDT A complexes have been little studied [222], because all the 
carboxylic groups are coordinated to the metal ion and therefore no carboxylic groups are free to 
coordinate with the mineral [230). In such a case it has been shown that if ternary complexes were to 
exist they would be due to the formation of weak outer sphere complexes [285]: 
Figure 68 Surface Eu" -E:DTA Sorption Complexation 
SOH +M3+ -EDT£ +H+ = SOH; ····-EDTA-M3+ 
From a review of the litemture it is clear that at a meta1lligand mtio of I (which is applicable to the 
data presented here since the trnce Eu3+ and Ni2+ concentrntions are lower than the lowest EDTA 
concentrntion of 1 x 10.0 mol dm-3), a single M-EDTA species predominates over a broad pH mnge 
[286], and that solution EDT A-metal complexes are reported to form by the formation of a carboxyl 
bond followed by ring closure through the formation of the amine bond [287). 
Also notable from the liternture is the greater interest in divalent metal EDT A mineral complexes. 
EDT A has been shown to enhance the sorption of some divalent metal ions onto oxide surmces [288] 
explained by the formation of outer sphere ternary M2+ EDTA complexes. These observations agree 
with the data presented here for Ni2+, where the EDTA has less impact on the Ni2+ sorption reduction, 
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especially onto montmorillonite and goethite. For both montmorillonite and goethite more than 50"10 
of the N?+ remains bound to the mineral in the presence of 5 x 10-4 mol dm-3 EDTA This can be 
explained by the fact that for the case of a divalent metal-EDTA complex one carboxylic group is free 
to coordinate with the mineral [230]. If this is the case the following surface reactions are possible 
[289]: 
Figure 69 Surface Nt-EDTA Sorption Complexation 
soil +M2+ +EDTA 4 - +H+ =S-EDTA-M- +H20 
SOH +M -EDTA2- +H+ =S-EDTA-M- +H20 
However, similar results to those shown for Eu3+ have' been observed for divalent metal ions such that 
the EDT A forms strong complexes with divalent transition metals and can stop sorption of divalent 
metal ions when EDT A solution concentrations are > 10-5 M [223]. This would agree with the results 
shown for the Ni2+ kaolinite EDT A ternary system 
Another possible explanation for the higher sorption of N?+ to the minerals even in the presence of 
EDTA might also be due to the difference in stereochemistry of the metal sorption to the mineral 
surface. If Ni2+ sorbs by bidentate sorption, as was suggested and supported by spectroscopy evidence 
in Chapter 1, the EDT A has to dissociate two bonds compared with a monodentate bond that is 
expected for the Eu3+ mineral interaction. 
Also included in the gmphs illustrated in Figure 66 and Figure 67 are the data for metal sorption in the 
presence of mixtures ofEDTA and HA For the Eu3+ systems the presence of HA reduces the effect of 
the EDT A quite considerably. For all the minerals the EDT A Eu3+ sorption reduction is less when 
either 2.65 x 10-5 (5 ppm) or 5.3 x 10-5 (10 ppm) mol dm-3 of HA is present What is most surprising 
from these data is that the HA is obviously competing with EDT A for the trace metal or capable of 
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enhancing metal sorption beyond equi molar concentration ofEDTA to HA This is especially evident 
for the Eu3+ -EDT A/HA-goethite system. Based on the much higher Eu3+ EDT A stability constant (log 
p = 17.25) compared with the Eu3+ HA stability constant (log p = 8.25), HA was not expected to 
affect the Eu3+ metal sorption at high EDT A concentrations. Several explanations for the observed 
data are possible but the most likely is the fact that for metal-EDT A-goethite systems, it is also 
important to consider the fact that the Fe-EDTA fonnation constant is relatively large and thus the 
dissociation of the Fe-EDTA complex to form M2+/3+_EDTA complex is important in addition to the 
possibility of significant mineral dissolution by the EDT A and hence the formation of Fe-EDTA 
aqueous complexes [290). Although the same effect is not observed in the Ni EDTA goethite system, 
if the EDT A does cause mineral dissolution of the goethite and thus form stable aqueous Fe-EDT A 
complexes, less EDT A is available to coordinate the Eo3+ thus allowing the HA and/or mineral 
surface to become more dominant and compete for Eu3+ above EDT A concentrations expected based 
on Eu3+ ligand stability constants alone. The same may not be observed in the Ni2+ EDT A goethite 
ternal)' system due to the possibility of the presence ofNi'+ -EDTA-goethite ternary complexes. 
From analysis of the Ni2+ sorption data in the presence of mixtures ofEDTA and HA, for the clays, 
results do conform more to that expected based on the strength of the aqueous metal-ligand stability 
constants. Both for montmorillonite· and kaolinite the addition of HA has no effect, such that the 
distribution mirrors that of the Ni2+ EDT A ternary system. Only at the very low EDT A concentrations 
can a difference between the N?+ sorption be observed such that the sorption reduction by the EDT A 
is sli~htly less with the presence of HA However for the goethite system slightly unusual results are 
observed such that the presence of HA enhances the Ni2+ sorption reduction, compared with the 
EDT A alone. This observation is greatest in the presence of 2.65 x lO.s (5 ppm) mol dm·3 HA From 
the conclusion of the Ni2+ HA ternary systems in Chapter I, it is likely that temary mineral complexes 
of type A (mineral-Ni2+ -HA) and type B (mineral-HA-Ni2+) are present with trace Ni2+. If similar 
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surfuce species are present containing EDT A, this would explain the higher observed Ni2+ sorption 
reduction observed onto goethite in the presence of mixtures of HA and EDT A, compared to the 
EDT A alone. Based on charge considerations, if HA and EDT A were sorbing to goethite then it might 
be expected that the metal sorption would be the greatest when the most negative ligand is present, i.e. 
EDT A or EDT A mixed with a higher concentration of HA compared with the EDT A mixed with the 
lower concentration of HA. Since goethite is slightly positive, the addition of a negatively charge 
ligand can alter the charge of the surfuce such that it becomes slightly negative and hence can sorb 
more positively charge ions due to more favourable charge attraction. The data presented here 
supports this theory and thus the possibility of surfuce N?+ EDT A ternary complexes onto 'all the 
minerals. If ternary complexes do exist containing EDT A, dissolution of the goethite will also be 
lowered as the mineral bound species may stabilise and protect the mineral surface. 
3.3.3.2.2 EDTA Sorption in the Presence of Trace Metal (Eu3+ & Ni2+) 
The titration method for the determination of EDT A as described in the experimental was used for 
each ternary system to determine the distribution of the EDT A From these results no EDT A sorption 
in any of the Eu3+ ternary systems or mixed EDTA/HA metal ternary systems was observed above or 
equal to an EDTA concentration of 5 x \O-s mol dm-'. For the Ni2+ ternary systems, it seems that 
sorption is occurring but the extent can not be quantified due to the considerable error and a fairly 
high detection limit associated with the titration method used to determine the EDT A concentration. 
At concentrations below 5 x \O-s mol dm-3 EDT A, it is more likely and possible that EDTA sorption 
occurred, but due to the limitation of the experimental procedure, it was not possible to measure this. 
Using the TOC EDTA binary sorption results and evidence cited in the literature it seems reasonable 
that the titration data result of the non-sorbing nature of EDT A in the presence of Eu3+ is valid. But 
the results showing at least some sorption of EDT A in the presence of Ni2+ are only included to 
support other data and are provisional. No firm conclusions can be drawn from the data. 
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The literature suggests the non-sorbing nature of EDTA onto oxide minerals [214][220]; particularly 
in the case of ternary systems containing trivalent ions because all the carboxylic groups of the EDT A 
ligand are likely to be coordinated to the Eu3+ metal ion leaving none free to coordinate with the 
mineral [230]. Hence for the Eu3+ systems it has been assumed that sorption of EDT A to the mineral 
is insignificant or at the very least is similar to that measured in the binary system (i.e. very little 
sorpti~n). 
For the case of Ne+ systems, it is more likely that ternary complexes exist Therefore, in the analysis 
of the data the presence of EDT A Ni2+ mineral ternary complexes are considered, especially at low 
EDT A concentrations. 
3.3.3.23 HA Sorption in the Presence of Trace Metal (E"3+ & Ni2+) and EDTA 
The HA sorption in the Eu3+ and Ni2+ ternary systems with mixtures of HA and EDT A show the 
greatest sorption at the low EDTA As the concentration of EDTA increases the sorption of HA 
reduces. This is seen particularly in the Eu3+ ternary systems, where HA sorption is reduced from 100 
% to below 20% for montmorillonite and from 100% to below 50"10 for kaolinite and goethite. For the 
Ni2+ systems the HA sorption is reduced but not to the same extent as that observed for the Eu3+ 
systems. It was expected based on mass action that at the higher EDT A concentrations, where there is 
approximately 20 times more EDTA molecules than HA, that the HA would fbllow the EDTA 
distribution. If this is true then it can be inferred that EDT A sorption is occurring in the Ni2+ systems 
and compliments the conclusions made based on the observations of the metal sorption data 
The sorption of the HA to the mineral might also be unaffected by EDT A due to the strong mineral 
HA interaction in the presence of Ni2+. One of the major observations from the ternary systems of 
Ni2+ with minerals in Chapter 1 was the existence of type A mineral-Ni2+-HA ternary complexes. 
Since it is likely that these types of surfuce species are also present here, based on the considerably 
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high HA sorption, and the principal of mass action, it might be possible that a similar sorption species 
containing EDTA is present The data appear to support this since the Ni2+ sorption remains fuirly 
high not only for the mixed HAlEDT A systems but also in the Ni2+ EDTA System 
Chapter 3 Anthropogenic Ligand Binary & Ternary Systems Page 236 of 278 
Figure 70 HA Sorption to Minerals in the Eu'" Ternary Systems of EDTAlHA Mixtures 
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Figure 71 HA Sorption to Minerals in the Ni2+ Ternary Systems of EDTAlHA Mixtures 
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3.3.3.2.4 Other Important Interferences to Consider 
Much work involving EDT A metal mineral reactions has focussed on the component addition 
sequence since discrepancies exist to suggest it is an important factor in determining how 
rnetallEDT Nmineral systems equilibrate [291][107]. For all the systems investigated the EDTA or 
mixture of EDT A and HA were added to the solid first, with approximately 1 to 2 hrs pre-
equilibration before addition of trace metal. 
3.3.3.25 Conclusions 
The EU3~ EDT A ternary system data suggest that the Eu-EDT A aqueous complex is dominant since 
Eu3+ sorption dramatically reduces in the presence of EDT A These data agree with results reported 
by other researchers. In general it is accepted that these observations are due to the full participation 
of all the available carboxyl groups of the EDT A in coordination to the Eu3+ and therefore is unlikely 
to form ternary mineral complexes. 
The Ni2+ EDTA ternary data suggest that although EDTA has the ability to reduce Ni2+ sorption, 
ternary mineral complexes exist due to a non coordinated carboxyl group of the EDTA that is 
available to coordinate with the mineral even when the EDT A is coordinated to a divalent metal ion. 
The data appear to support this theory partiCUlarly for montmorillonite and goethite. Bidentate 
sorption of Ni2+ to mineral surfaces as opposed to mono dentate sorption of Eu3+ to mineral surfaces 
can also be considered as important to the different effucts of EDT A on Eu3+ and Ni2+ sorption. 
For the Eu3+ EDT A systems the presence of HA reduces the effect of the EDT A considerably and 
beyond equi molar concentration of EDT A to HA The data suggest that the HA can compete with 
EDTA for the trace metal or capable of enhancing metal sorption beyond equi molar concentrations of 
EDT A to HA This is especially evident for the Eu3+ -EDT NHA-goethite system, and is explained by 
the possibility of goethite dissolution by EDT A and thus the formation of stable aqueous Fe-EDT A 
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complexes, allowing the HA and/or mineral surfuce to become more dominant and compete for Eu~ 
above EDTA concentrations expected based on the Eu3+ ligand stability constants alone. 
For the Ni2+ EDTA systems in the presence of mixtures ofEDTA and HA, for the clays, the results do 
conform more to that expected based on the strength of the aqueous metal-ligand stability constants. 
The results of the goethite systems do however provide evidence to support the presence of mineral 
surfuce ternary species containing EDT A based on charge considerations. 
Overall it is concluded that for the Eu3+ systems the presence of EDT A reduces the Eu~ sorption 
considerably. Mixed ligand complexes are also important to consider, since the small addition of HA 
is able to significantly affect the ability ofEDT A to reduce the Eu3+ sorption, particularly for goethite. 
For the Ni2+ systems a similar conclusion can be made with the addition of fairly strong evidence to 
support the existence of mineral Ni2+ EDTA ternary complexes. 
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3.3.3.3 Picolinic Acid 
3.3.3.3.1 E'/+ & Nf+ Sorption in the Presence of PA and P AlHA Mixtures 
The results of the europium sorption onto montmorillonite, kaolinite and goethite show that in the 
presence of PA the Eu3+ sorption distribution ratio is unaffected by the P A up to a PA concentration 
of I x 10-4 mol dm-3. Beyond a PA concentration of I x 10-4 mol dm-3 the Eu3+ sorption distribution 
ratio is reduced across the entire higher PA concentration range and that the extent of ll<J reduction 
increases as the PA concentration increases. The Eu3+ mineral percentage sorbed values as a function 
of increasing pA concentration are illustrated in Figure 72. 
A similar trend to that demonstrated by the Eu3+ at the higher PA concentration range can be seen for 
all the nickel sorption onto montmorillonite, kaolinite and goethite in the presence of PA For the N?+ 
data, the reduction in sorption by the presence of PA is much greater and at much lower PA 
concentrations compared with the Eu3+ data. The Ni2+ mineral percentage sorbed values as a function 
of increasing PA concentration are illustrated in Figure 73. 
Both of the metals follow distributions expected based on their respective metal-PA stability 
constants. The stability constant of nickel with PA (log fl = 6.72) is considerably higher than that of 
europium with PA (log fl = 3.99) and this is reflected in the data presented. The PA is clearly able to 
compete for the Ni2+ with the mineral at much lower PA concentrations compared with Eu3+. For the 
Eu3+ data the PA is not able to reduce metal sorption until a PA concentration of I x 10-4 mol dm-3 
which is coincidentIy the same PA concentration at which C""", is reached onto the minerals in the 
binary sorption experiments of PA. This could infer that for the Eu3+ systems, the PAis sorbing to the 
mineral surfaces until Cn.x, is reached and therefore the P A does not reduce the Eu3+ sorption until PA 
begins to remain in the solution phase rather than being sorbed. 
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Figure 72 Eu3+ Sorption to Minerals in the Presence ofP A and P AfHA Mixtures 
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Figure 73 Ni21- Sorption to Minerals in the Presence ofPA and P AIHA Mixtures 
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For the Eu~ sorption beyond a PA concentration of I x 10" mol dm-3 the Eu~ sorption is reduced by 
the presence of PA across the whole higher PA concentration range which is likely to be due to the 
aqueous formation of a metal-PA complex. which has been discusSed in the literature as being the 
dominant complex under various conditions [230). Similar to the explanation given for the metal ISA 
clay ternary systems, the metal and ligand sorption observed in their temary systems is likely to be at 
different surfuce sites on the mineral surfuce, since the available literature appears to be consistent in 
that ternary metal PA surfuce mineral complexes do not exist at any pH range [234). 
For the low PA concentration range of the Eu3+ goethite system, slightly enhanced Eu~ sorption is 
observed in the goethite ternary system. This observation is likely to be due to the slightly positive 
surfuce charge of the goethite and so the sorption ofPA might add negative charge to the surfilce and 
hence increase metal sorption at othllr surface sites rather than through the formation of ternary metal-
PA-mineral (type B) or PA-metal-mineral complexes (type A). A reduction of metal adsorption in the 
presence of P A, under high pH conditions and onto CSH gel (calcium silicate hydrate) [292], and onto 
hematite at pH 7 [293] has been reported previously. It appears that the adsorption of picolinic metal 
complexes does not occur because both the amine and carboxylic functional groups of the picolinic 
ion prefer to bond to the adsorbent surfuce leaving no binding site on the ligand to adsorb metals, and 
that the furmation of kinetically inert picolinic metal complexes is unlikely. Figure 74, taken from 
Davis et al [10], demonstrates the likely PA sorption to a goethite surfuce. Here is it shown that the 
PAis sorbed to the goethite surfuce by hydrogen bonding via pyridine N atoms at low pH however at 
higher pH the PA can also sorb via the carboxylic 0 atom [294). 
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Figure 74 PA Goethite Surface Sorption Coordination 
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For the Eu3i- systems at low PA concentration (below and up to I X 10-4 mol dm-3), if the above is 
taking place then the ligand will decrease or have a minor effect on metal adsorption since the major 
coordinating functional group is involved in surface bonding_ However the sorption of the PA to the 
mineral is important for understanding how much remains in solution_ Hence significant sorption 
reduction can take place by the presence of P A despite partial sorption of the ligand as is shown for 
the Eu3+ mineral ternary systems above a PA concentration of 1 xl 0-4 mol dm-3. 
Another important aspect to consider for the sudden difference between the Eu3+ sorption reduction 
beyond a certain PA concentration is to consider the effect of the Eu3+:PA concentration ratios. It has 
be shown in the literature using excitation spectroscopy that the coordination ofEu3i- with PA changes 
depending on the Eu3i-:p A concentration ratio [295]. More than 9 different complexes have been 
identified but represented in Figure 75 are two of the major structures proposed. The first is the major 
structure expected at a Eu3i-:pA ratio of 1:3, the second is expected at a ratio of 1:100_ Since the 
stability constant for Eu-P A cited above used a ligand to metal ratio of 1 : I, it is possible that a certain 
amount of error is associated in the Eu-PA log f} based on the discrepancy between these two 
researchers. If several stoichiometries are possible, each complex is likely to have a different stability 
and formation constant, and hence aqueous Eu-PA complex formation may become more favourable 
than sorption beyond a certain Eu:P A concentration ratio. 
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Figure 75 Example Structures of Eu(IO)-PA Complexes at Different Eu:PA Ratios 
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For the Ni~ systems the aqueous Ni~ - PA complex appears to be dominant since the metal sorption 
is dramatically reduced at fuirly low P A concentrations. Calculations based on density functional 
theory (OFT) to analyse the state ofPA in aqueous solution found that the PA mainly took on the 
form of anions in aqueous solution, rather than the neutral molecule [296). In this state both the 
oxygen carbonyl group and the nitrogen atom in the amino group have the potential to be a ligand 
donor to a metal ion [297][238][239). Therefore combined with the fact that PA complexes with 
metals have fairly large stability constants [206), the results presented here are most likely dominated 
by the aqueous formation of the metal-PA complex. 
Also included in the graphs illustrated in Figure 72 and Figure 73 are the data for metal sorption in the 
presence of mixtures of P A and HA For the Eu3+ systems the presence of HA enhances the effect of 
the PA consistently by about 10010 for both HA concentrations of 2.65 x 10-' (5 ppm) and 5.3 x 10-' 
(10 ppm) mol dm-J For the Eu3+ systems, ifPA is absorbing considerably to the minerals which can 
be inferred from the metal sorption analysis then it is possible that the addition of the HA will mean 
less PA is sorbing to the mineral, as there is less of it to begin with and/or the HA competes with the 
P A such that association with the HA is more favourable. which is expected based on comparison of 
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the Eu:» ligand stability constants. The Eu3+ HA stability constant is much laJger (log IJ = 8.25) 
compared with that of Eu3+ PA (log IJ = 3.99). 
For the Ni2+ systems the presence of HA has little effect for the montmorillonite system. This suggests 
that the HA could be simply following the same distribution as that already discussed for PA in the 
presence ofNi2+ such that the HA remains in solution to from aqueous Ni2+ - HA complexes. 
For the Ni2+ PAIHA systems with kaolinite and goethite the addition of 2.65 x 10-5 mol dm-3 (5 ppm) 
HA slightly reduces the effect oftbe PA consistently by about 10"10 and the addition of 5.3 x 10-5 mol 
drn-3 (10 ppm) mol dm-3 HA also slightly reduces the effect of the PA consistently by about 10% for 
kaolinite. 
The observations for Ne+ sorption in the presence of both PA and PAIHA mixtures are as expected 
based on the Ni2+ ligand stability constants. The stability constant for Ni2+ with HA (log IJ = 5.77) is 
very similar in size to the stability constant for Ni2+ with PA (log IJ = 6.72). Hence it is not surprising 
that the addition of HA has little effect on the Ni2+ sorption data compared with the P A alone. It is 
likely that the HAIP A mixtures, although these are small differences in metal sorption compared with 
the PA alone, do follow the same trend, and so it is very likely that the HA is following the same 
distribution to that of the PA 
3.3.3.3_2 PA Sorption in the Presence of Trace Metal (E'/+& Nf+) 
In the presence of trace Eu:» the sorption of P A to kaolinite, montmorillonite and goethite is reduced 
compared to the P A sorption to kaolinite, montmorillonite and goethite in the absence of trace metal. 
The R.i reduction is greatest at low PA concentrations where the ternary P A Rd is 5 to 8 times smaller 
when compared with the binary PA Rd. The PA Sorption to minerals in the presence of trace Eu3+ is 
present in Figure 76. 
Chapter 3 Anthropogenic ligand Binary & Ternary Systems Page 247 of 278 
'C 
~ 
€ 
0 
UJ 
c( 
a.. 
~ 
Figure 76 PA Sorption to Minerals in the Presence of Trace Eu" 
100 
80 
60 
40 •• ~-
20 • 
0 
O.E+oo 4.E-04 
Monbnorillonite 
• Kaofinite 
Goethite 
'--------
---. --- -
.. 
8.E-04 1.E-03 
[PAIl mol dm-3 
In the presence of trace Ni2> the sorption of PA to kaolinite and goethite is reduced as the PA 
concentration increases. The sorption is less onto montmorillonite at the low PA concentrations but 
follows a similar distribution to kaolinite and goethite beyond a PA concentration of 5 x lO-s mol 
dm-l , although the sorption onto montmorillonite at higher PA concentrations is far greater than for 
the same PA concentration onto kaolinite and goethite. 
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3.3.3.3.3 HA Sorption in the Presence of Trace Metal (Eu3+ & NiZT) and PA 
The Eu* and Ni~ ternary systems with mixtures of HA and PA show the greatest HA sorption at the 
low PA concentration. The HA distributions in the Eu* and Ni2+ PA and PAIHA mixtures are shown 
in Figure 78 and Figure 79. From both of these figures it can be seen that as the concentration ofPA 
increases the sorption of HA reduces. This is seen particularly in the goethite systems, where HA 
sorption is reduced from 100 % to below 40"10 in the absence of PA and trace metal, and in the 
presence of trace metal, to 50 % for the 5.3 x 10.5 mol dm-3 (10 ppm) HA I PA mixture and to below 
80 % for the 2.65 x 10-5 mol dm-3 (5 ppm) HAlPA mixture. 
For both Eu3+ and Ni2+ systems, in the presence of P A, the HA is consistently reduced to between 10 
and 20 % for both kaolinite and montmorillonite. Several explanations for this are possible. The first 
is that the HA is simply following the distribution of the PA due to mass action. This would be 
plausible since it has been inferred that there is considerable PA sorption and so it makes sense that 
there is also high HA sorption. Another explanation is also that the PA competes with the HA for 
sorption sites on the mineral surface. 
The major differences in the data between the PA and PAIHA systems are seen in the goethite 
systems. The addition of HA is capable of reducing the effect of the PA on sorption reduction of both 
Eu3+ and Ni2+ 
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Figure 78 HA Sorption to Minerals in the Eu" Ternary Systems of PAlHA Mixtures 
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Figun! 79 HA Sorption to Minerals in the Ni" Ternary Systems of PA and PAlHA Mixtun!s 
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3.3.3.3.4 Conclusions 
In the Eu3+ ternary system with PA, the Eu3+ sorption remains unaffected and thePA sorbs completely 
to the minerals until PA reaches c:....x. Beyond PA Cm ... Eu3+ sorption is reduced. These observations 
are explained by complete sorption of the PA and Eu3+ until monolayer coverage of the mineral by PA 
beyond which the P A forms aqueous complexes with Eu3+ and hence reduces its sorption onto the 
mineral. This theory is supported by the P A data and RA data. 
In the Ni2+ ternary system with PA, the N?+ sorption is reduced by the presence ofPA and PAIHA 
mixtures. These observations are explained by the very high stability constant ofNi2+ with PA, such 
that the Ni2+ forms aqueous complexes with PA rather than 50rb to the mineral. 
The addition of RA to the PA has a small effect on the Eu3+ distribution compared with the PA alone. 
This is explained by the higher stability constant ofEu3+ with HA For the Ni2+ systems, the addition 
of RA has hardly any effect on the Ni2+ distribution, this is explained by the relatively similar stability 
constants ofN?+ RA and Ni2+PA 
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3.4 Conclusions 
Overall the sorption characteristics of the anthropogenic organic ligands were similar and resembled 
those reported in Chapter 1 for HA onto oxides. Interactions among mineral surfaces, trace metal ions, 
humic substances, and other small organic ligands in solution have been studied in batch sorption 
experiments involving model mineral phases; montmorillonite, kaolinite, and goethite. Humic 
substances and smaller organic ligands have been found to compete with one another for both the 
mineral surface and for coordination with trace metal. Similar chemistry has been demonstrated 
elsewhere between humic substances and inorganic ions [118)[83]. 
The sorption data for metals with ISA, over a wide ISA organic concentration range illustrated the 
capability of ISA to both reduce and enhance metal sorption. It was also evident in the results that 
type A and type B ternary surnce complexes exist that facilitate co adsorption of metal with ISA. The 
ISA metal ternary systems provide evidence for the variety of sorption species possible which are 
heavily dependent on the valency and bonding stereochemistry of the metal and mineral combined 
with charge effects of the mineral surfuce. Surfuce and aqueous complex formation of metals with 
ISA and ISAIHA mixtures did follow the correlations expected based on their respective stability 
constants. And hence these data support the use of the cited log 11 values as appropriate modelling 
parameters for modelling purposes. 
Surprisingly for the ISA ternary systems and ternary systems of mixtures ofISA and HA, the results 
provided the clearest inferences about the types of surnce and solution species likely to be present 
under the experimental conditions used. This is extremely useful since little literature currently exists 
surrounding the effect of ISA on sorption of metals at neutral pH. The results here clearly show that 
ISA ternary complexes important under certain conditions. 
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One of the most important observations in the ISA temary systems was the effect of the change in 
solid solution mtio for the experiments. The difference between highly sorbing metal at extremely 
high ISA concentrations to high metal sorption reduction at relatively low ISA concentrations with 
just a 10 fold change in solid solution mtio reflects the need for up scaling experiments and/or serious 
quantification of the exact solid and solution mtios in real environmental systems similar to those 
surrounding current locations for proposed IL W ILLW deep geological waste repositories. 
The results of the metal EDT A ternary systems also demonstmted the ability of EDT A to reduce 
metal sorption and enhance metal sorption. As expected, based on the high stability constant ofEDTA 
with many metals, EDT A is capable of complete mobilisation of metal and for many experimental 
conditions it is expected that the aqueous metal-EDTA complex is dominant The results presented 
here also illustrate that temary surface complexes are possible with EDT A as shown in the Ni2l-
systems. The most surprising outcome of the metal EDT A systems was the ability of HA to 
significantly alter the metal distribution in these systems, beyond EDT A concentrations expected on 
the basis of the stability constant data. For the Eu3+ EDT A systems the presence of HA reduces the 
effect of the EDT A considembly and beyond an equi molar concentration ofEDTA to HA These data 
suggested that the HA can compete with EDT A for the trace metal and is therefore capable of 
enhancing metal sorption. These conclusions highlighted the importance of considering multiple 
factors that influence the long term ability to both measure and eventually predict/model metal 
sorption. The fact that in the short timescale used for these experiments possible dissolution of the 
mineml may have occurred illustrates the importance of both kinetics and stability considemtions 
needed in sorption experiments. 
In the PA ternary systems, no enhancement of metal sorption was observed, although PA sorption was 
observed. The data illustrate that under these experimental conditions ternary surface complexes of 
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metals with PA are not important and are not likely due to the structure of the PA molecule. But again 
similar to ISA and EDT A., beyond a certain P A concentration the fonnation of aqueous metal-P A 
complexes is dominant and therefore their inclusion in performance assessment transport calculations 
is important The data presented here do agree with other researchers who have carried out similar 
batch sorption experiments [298]. Complementary to the results shown here they found that it took 
approximately 10 times more PA than EDT A to seriously impact on the adsorption of Ni onto soils. 
They also found that at higher pH values where the uncomplexed chelating agents are not adsorbed, 
the stronger complexing ability ofEDT A., HA., and PA can decrease the adsorption of metal ions more 
by forming strong aqueous complexes. 
Overall it has been shown that EDTA., PA and ISA are important for mobilising metals into 
groundwaters. These results suggest that organic acids can significantly influence the sorption of trace 
metals to minerals. There is an obvious difference in the ability of HA to affect both the distributions 
of organic ligands (particularly ISA). However, little evidence was shown to support the presence of 
mixed ligand complexes. A tentative explanation for the preferential formation of mineml metal 
ligand complexes of smaller molecular organics or mineml ligand metal complexes might be due to 
steric hindmnce effects between the ligands (EDTAlPAlISA) and HA in the mixed ligand complex or 
electro static repulsion between the ligand and HA. Due to the polyeletrolye character of HA it may 
be possible that the repulsion is stronger between HA and another organic ligand than between two 
ligands. Elsewhere it has also been reported that mixed ligand complexes with SiOz were not 
preferred [49]. 
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4 CONCLUSIONS 
Investigation of the effect of humic acid on trace metal sorption has demonstmted that where the 
surface area of the mineral is large and negative, the addition of HA can significantly enhance metal 
, 
sorption. This has been demonstrated consistently by many metal HA terruuy systems where large 
metal enhancements have been observed due to the presence of HA The presence of different trace 
metal ions has been shown to influence the HA distribution in a temary system compared with the 
binary systems. The influence of a metal has been shown to include HA sorption enhancement and 
HA reduction. Where HA enhancement has occurred for divalent metal ions, the evidence confirms 
that enhanced metal sorption is partly due to cation bridging being the fuvoured binding mechanism. 
Evidence from the anlaysis of the ternary system data combined with spectroscopic evidence taken 
from the literature supported various hypotheses for the presence of monodentate and bidenate metal 
sorption by both outer sphere and inner sphere complexation. Where enhancement of metal sorption 
was observed at low HA concentmtions terruuy complexes of type B have been postulated. 
Overall from the humic ternary systems the analysis of the data illustmted the clear relationship 
between the amount of HA bound in a given ternary system and the metallHA correlation fuctor (i.e. 
the enhancement of metal sorption in a system beyond that expected based on the metal following the 
distribution of the HA). It has been postulated that where the stability constant between a metal and 
HA is high the closer the metaIIHA correlation factor is to unity (when the metal closely correlates 
with the HA distribution) and combined with the LAM and QUAD model results it appears that the 
success of these models and an metallHA correlation factor near to unity are closely related. The 
results of the LAM and QUAD have shown the importance of knowing the type of coordination (i.e. 
type A or type B ternary complexes or individual sorption complexes) formed by the sorbing species. 
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The modelling results have shown the inability of the LAM and QUAD to take into account ion 
exchange reactions. Thus it is concluded that if electrostatic interactions are significant, a model such 
as the LAM or QUAD is inappropriate for modeUing metal sorption in a metal HA ternary system. 
The results also conclude that the LAM should not be used when a great proportion of the HA 
available in the system is bound. It has been shown and explained that when the HA sorption is 
particularly large, either a charge alteration occurs on the mineral surfuce which can subsequently 
affect the apparent metal mineral interaction or the sorption of HA can affect the apparent stability 
constant of the metal HA interaction. Where it is thought that additional metal is bound to the surface, 
as a result of a surface potential change by bound HA rather than metal sorbing to the bound HA. 
conditions for additivity are not met. It seems that should this be the case, the only way the LAM and 
QUAD can be successful is for systems where the stability constant between the metal and HA is 
large enough Jhat even if surface charge alteration occurs, the metal is still predominantly attracted to 
the HA. whether it be bound or in solution. The ternary systems and model results for nickel and 
europium to an extent supported this theory. 
In terms of criteria and suitability of these systems to be modelled by an additive approach, in respect 
to both analysis of the difference in HA distributions in a binary and ternary system and the metallHA 
correlation factors it has been shown that certain metal systems can be adequately modelled using an 
additive approach. The major .conclusion of the work herein is the observation that the type of ternary 
complex formed can have a significant effect on the outcome of a modelling technique such as the 
LAM or QUAD. These data reveal that although the LAM and QUAD appear relatively straight 
forward based on the model input parameters it is essential prior to modelling that for systems where 
the metal HA stability constant is large the types of complex formation occurring still need to be 
known and that the extent of HA sorbed is known. Only under these circumstances can there be 
confidence with modelling. Likewise for systems where the stability constant is low for the metal HA 
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interactions, ilie LAM and QUAD should not be used particularly if HA sorption is high as it is likely 
that ilie effective Rn will be considembly affected due to the sorption of HA and since ilie sensitivity 
of the LAM is most sensitive to ilie Rn value when fu values are low ilie use of ilie LAM is likely to 
lead to unsuccessful sorption predictions. 
Included in ilie iliesis is the application of the LAM to real soil systems. The results indicate iliat ilie 
sorption of metal to a mixture of minemls can not be calculated based on ilie sum of the components 
. minemls multiplied by ilieir composition mole mction. The composite approach using calculated RI 
mix values consistently underestimates individual binary mineml intemctions i.e. RI. m;' and R.n mix, 
and ilie ternary RI mix. The bulk results do however support ilie conclusions made in Chapter 1 that 
the ability of the LAM to predict metal sorption depends on ilie closeness of ilie metallHA correlation 
factor to unity. 
The results from the aniliropogenic ligands illustrate the importance of oilier organic complexants iliat 
need to be considered in fur field sorption investigations involving tmce contaminant metals. Those of 
ISA and PA boili demonstmte considemble sorption to minerals under near neutml conditions whereas 
for EDT A and NT A sorption is insignificant For ilie mixed ligand systems containing HA with eiilier 
ISA, PA or EDTA ilie presence of mixed ligand ternary complexes appears to exist under specific 
conditions. For some of ilie systems ilie correlation of ilie tmce metal wiili ilie sorbed ligand is also 
observed indicating ilie possible presence of ternary surmce complexes. 
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5 FURTHER WORK 
Further work that would support and add to that already presented here includes the investigation of 
surmce metal sorption mechanisms when in the presence of HA Further investigations of the effect of 
complexing organics on the various binding mechanisms (i.e. type A, mineIaI-metal-organic, or type 
B, mineral-organic-metal) would enable better modelling of the sorption reactions. 
The validity of the assumption that surmce bound complexing organics (in particular for HA) behave 
the same towards a tIace metal as when in aqeous solution also needs to be investigated. 
Overall the conclusions of this thesis suggest that increased complexity is an area that needs to be 
addressed in more detail. To do this it would be interesting to determine more aCCUIate surmce area 
analysis measurements of the various minerals used, inparticular those that were used to determine the 
sorption of europium onto a whole soil assemblage based on the individual mineral components. 
Determining the surface area's of these minerals might enable a more aCCUIate prediction of tIace 
metal sorption when in the presence of humic acid. 
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PERSONAL DEVELOPMENT TRAINING 
Date & Location Title Training Type Duration 
3"' June 200S, Instutute First RTDCl FUNMIG Presentation & Meeting of Research 1 Day 
National des Science et Meeting, EC Progress for EC FUNMIG 
Technique Nucleaite Framework 6 Project Commitments 
CE Saclay, France 
ISth to 18th June 200S, 3"' Summer School on Lecture Series 4 Days 
Institute for Actinide Science and 
TRansuranium Applications 
Elements in Karlsruhe, 
Germany 
3"' to 10th September BA Festival of Science Seminars & Lectures 4 Days 
200S, Trinity College 
Dublin, Ireland 
8th November 200S, I" International Conference 1 Day 
The University of Conference on Aquatic 
Birmingham, UK Colloids & 
Nanoparticles 
22nd November 200S, Nexia Solutions Tour & Open Day Y2Day 
Sellafield, West Technology Centre 
Cumbria, UK 
23"' November 200S, Radiochemistry ID Coneference I Day 
Westlakes Research Nuclear Clean Up & 
Institute, West Group AGM 
Cumbria, UK 
29th November 200S, I" Annual Workshop Poster Presentation, Research 3 Day 
Instutute National des oflPFUNMIG Progress Report & Conference 
Science et Technique Attendance 
Nuchlaite CE Saclay, 
France 
7th February 2006, Young Researchers Presentation of first year work and 1 Day 
RSC, London, UK Meeting, RSC, London attendance at other lectures. 
13th to 16th March, ACTINET School on Lecture Series and Seminars. 4 Day 
Jena, Germany modelling sorption 
4th to 6th April 2006, COGER Presentation of first year work and 3 Day 
----- --- -- - - - - -
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Westlakes, Cumbria, attendance to all lectures. 
UK 
ISth to I cf' May 2006, ACTINET School on ACTINET School on molecular 4 Day 
Lille, France actinide modelling modelling and EXAFSIXANES 
training. 
29th to 30th May 2006, FUNMIG EC Meeting Conference attendance. 2 Day 
Goteborg, Chalmers 
University, Sweden 
. 
3n! to th July 2006, ACTINET Summer Lecture Series. 4 Day 
Institute National des School on Actinide 
Science et Technique Migration 
Nucleaire CE Saclay, 
France 
6th to th November Next Steps UK Waste Conference attendance. 2 Day 
2006, Loughborough, Disposal 
UK 
21" to 23n! November Second Annual Poster Presentation, Research 3 Day 
2006, Stockholm, Workshop of IP Progress Report & Workshop 
Sweden FUNMIG Attendance 
11 th to 13th June 2007, Third RTDCI Presentation & Meeting of Research 2 Day 
Loughborough, UK FUNMIG Meeting, EC Progress for EC FUNMIG 
Framework 6 Project Commitments 
26th to 31" August Migration Munich Poster Presentation & Conference 7 Day 
2007, Munich, 2007 Attendance . 
Germany 
21" November 2007, RSC Materials Science Conference Attendance I Day 
Manchester University, Coneference 
UK 
2006 - 2008, Physical Chemistry Labollltory Demonsttating +SOHours 
Loughborough Foundation Year & 
University, UK First Year 
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.5. j 1.00E+01 
2:. 
S.OOE+OO 
.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.~ 
y = 213.36x - 0.133i 
R2 = 0.9946 
, 
, 
O.OOE+OO _ .•. _ :_. _ . ..:. _. _._._. _._. _ ._. _ .• :_. 
O.OE+ 2.0E- 4.0E- 6.0E- 8.0E- 1.0E- 1.2E-
nn "" n"'t " .. ....... ... .... v... ...., 
[Ni] .. (mol dm-3) 
Similar to Eu-Goethite, the 
whole concentration range 
studied for NiCh sorption 
onto Montmorillonite 
displayed linear isotherm 
behaviour and therefore the 
average slope over the entire 
range was taken as the Rd 
value. 
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FIgure 5 NIckel Kaol/nite Sorption Isothenn 
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Figure 6 .NIckel Goethlte Sorption Isotherm 
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O.E+OO 4.E'{)2 
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Figure 7 Cadmium Montmorillonlte Sorption Isotherm 
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Figure 8 Cadmium Kaollnlte Sorption Isotherm 
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O.OOE+OO #1~==_===...."..~. -~.~-~.~-~. -~.J,' 
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The entire CdN03 
concentration range tested 
demonstrated linear isotherm 
behaviour for cadmium 
sorption onto kaolinite and 
therefore the average slope for 
the entire concentration range 
was used to calculate the Rd. 
--------------------------~ 
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Figure 9 Cadmium Goethite Sorption Isotherm 
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Figure 10 Caesium Montmorlllonlte Sorption Isotherm 
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Figure 11 Caesium Kaollnlte Sorption Isotherm 
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y = 13.9x + 0.0132 
R2 = 0.94 
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FIgUi6 12 Caesh.im Goethlte SViption Isotttaim 
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l\-iETAL l\'iiNERAL & l\tiiNERAL l\-iiXTURES SORPTiON iSOTHERl\-iS 
Figure 13 Eu" Mlcrogranlte Sorption Isotherm 
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Figure 14 Eu" Quartz Sorption Isotherm 
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Figure 16 Eu'+ Dolomite Sorption Isotherm 
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LIGAND MINERAL SORPTION DATA & ISOTHERMS 
1.2E-02 
~ 8.0E-03 
1 
::( 
I:i 4.0E-03 i 
!:!:!. 
.--, 
•• I 
Figure 20 EDTA Mantmorlllonlte Sorption Isothenn 
• • 
---- -.-.-------.------- ---.---------------. 
I 6.E-03 1 
I y = 4.438x + 0.0002 
3.E-03 i R2 = 0.991 
O.E+OO +1----.------.-------. I 
•• 
I 
O.E+OO 4.E-04 8.E-04 1.E-03 i 
O.OE+OO ~+-----.----,---___. L. _. __ 
O.E+OO 4.E-03 8.E-03 
[EDTAlaql mol dm-3 
1.E-02 
The binwy sorplion dala of EDT A onlo kaolillile could nol be used lo construcl a sorplion isolhenn as 
there was insufficient sorption. As an alternative, the sorption data is presented as RJ values and % 
sl)rbl:'d in T~b!1:' 1. 
Table 1 EDTA Kaollnlte Sorption Data 
[EDTAJI mol dm-3 % Bound 
1.UU!=-04 J.tlJ 16.1 
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5.00E-04 3.01 13.1 
1.00E-03 1.15 5.4 
5.00E-03 0.23 1.1 
1.00E-02 -0.24 <1 
5.00E-02 < 0.01 < 1 
Figure 21 EDTA Goethlte Sorption Isotherm 
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FI9ure 22 ISA Montmorlllonlte Sorption Isothenn 
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F!gure 23 !SA KaoUn!te Sorption Isotherm 
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Figure 24 ISA Goethlte Sorption Isotherm 
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Figure 25 Plcollnlc Acid Montmorlllonlte Sorption Isotherm 
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Figure 26 Plcollnlc Acid Kaollnlte Sorption Isotherm 
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Figure 27 Picollnlc Acid Goethlte Sorption Isotherm 
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Figure 29 Gluconic Acid Kaollnlte Sorption Isotherm 
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The binary sorption data of GA onto goethite could not be used to construct a sorption isotherm as 
there was insufficient sorption. As an alternative, the sorption data is presented as R.t values and % 
sorhed in Tahle 2. 
Table 2 Gluconic Acid Goethlte Sorption Data 
IGAJI mol dm-} % Bound 
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Figure 30 NTA Montmorillonlte Sorption lsothenn 
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Figure 32 NTA Goethlte Sorption Isothenn 
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From the experimental binary and ternary systems the following can be detennined: 
a (Equation 1) 
b 
R<t - [HA]bound 
2 - r1.lAl 
L ...... ~ ... Jfrce 
c (Equation 2) 
d 
_ rM"HA1~ 
XJ3 = [MH] ... [HA]-:"'d 
e (Equalion 3j 
bd 
(Equation 4) 
Where R<t}, R<t2, R<t3 are known from the binary system data and T} and T2 are the total concentration of 
metal (M+) and humic acid (HA) added to the ternary svstem resoectivelv. Given the five eouations 
above: the 'unknowns, [M+]b"..w: [M+lr"", [HA]bowut: [JiAlrree, [M+HAlr~e and [M+HAhowut"can be 
derived, 
From, 
(Equation 1) (Equation 6) 
(Equation 3) (Equation 8) 
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If the mineral surface exerts an effect on the ~ even when saturated with humic acid then it maybe 
assumed that; 
thus, 
[MH HA)bowxI _ [HA)_ 
[MHHA)..., [HA) ... - .Rd} 
Letfbe lM'HAjbmmdtheretore from Hqualion 3, 
Also from Equation 4, 
and Equation 5, 
(Equation 10) 
(Equation 11) 
(Equal ion j 2) 
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Hence 
(Equation 13) 
and therefore. 
(Equation 14) 
hence, 
Rd,T,d + Rd2 Rd,dT., 
1 + Rdl' + Rd)d + Rd2Rd,d 1 + Rdl + Rd,d + Rd2Rd,d 
(Equation 15) 
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Rearranging and collecting the terms to m:lke d the subject, 
T2 (1 + RdJ + Rd3d + Rd2Rd3d) = d (1 + RdJ + Rd3d + Rd2R,13d) + Rd.?d (1 + RdJ + Rd3d + ~lRd3G~ + Rd3TJd + Rd2Rd3dTJ 
(Equation J 6) 
12 + RJJT2 + Rd3T2d + ~2Rd3 T2d = d + ~Jd + Rd3~ + Rd2Rd3d2 + R.2d + ~J~ft + Rd2Rd3~ +Rd/~3If + Rd3TJd + Rd2~3dTJ 
(Equation J 7) 
This equation is in the form of a quadratic equation, 
(Rd3 + Rd2R./3 + Rd2Rd3 + Rd/Rd3)~ + (1 + RdJ + Rd) + R,IJRd2 + Rd3TJ + ~2Rd3:rl - Rd3T2 - R.i2Rd3TJJd - (T2 (- RdJT2)) = 0 
(Equation J 8) 
i.e. of the form, 
x = 
-B±.JB2 -4AC 
2A 
Therefore, 
x=d 
(Equation J 9) 
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Hence, 
d= 
-(I + Rdl + Rdl + RdlRd, + Rd3~ + Rd,Rd,T, - Rd,Rd3 T,)± ~, + Rd;, + RdlRd, ~ Rd'~ + R",Rd3T, -Rd,Rd,T,)' ->4('~d3 + Rd,Rd3 + Rd,Rd, + R,,'R,I3)(T, - Rd7,) 
2(Rd3 + Rd,Rd3 + R, ,Rd3 + R" 2 Rd,) 
(Equation 20) 
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Therefore given d, and from Equation 12, 
{r ....... n ,\ 
b tU -1 2 -I\d2
U J 
(Rd3d + Rd,Kd3d ) 
and from earlier, 
r n n L J J - 1\d21\d3UU 
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(Equation 21) 
(EquatIOn 6) 
(Equation 7) 
(Equation 8) 
(Equation 10) 
If it is correct that the clay surface exerts an effect on the M"'" even when saturated with humic acid 
then, 
rA,,{Z+l . . . 
v··... J IU/UI UQuna. 
I.e. [MZ+ltotal bound = a + f (Equation 26) 
It is possible to calculate a predicted value for the total MZ+ bound to the mineral (predicted [M'+]bound) 
aw.ll:Olupan: ii with ih~ exp~riIIlt~lliai ubserveu vaiue [ur Ivr+ sorbeu LO the sulid phase (ubserveu 
I' 
.. 

